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AGENDA 

0 I -  8:30 Welcome & Agenda 
02- 835  Charge  to the Board ; I  P Introduction to Slhl 

I 
x 

c a, 

03- Y:4j Science HistoryiOverview 

Mission Concept Overview - C 

04- 9 1 5  SIM Technology L-listory + 

2 
z 
8 

10: I5 Break 
c 05-10:30 SIM Project O\crvie\v 

06- I I :00 Interfcromehy Overview 
07- I I :45 Design  Study Ovelview 

c 

Q 
v) I2:30 Lunch 

T. 1~1-ascI1ctti 
P. Crane 

M. Shao 
B.  Laskin 

T. Fmscherti 

B. I-lines 
P. Kahn 

08- 1 : I5  Science  Capabilities ofthe Differe~~t Design bf. Shao 
Options 

09- 1 :45 Cost  Discussion J.  kIarr 
B. Laskin 

A.  Duncan 
.I. Ar11ett 
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The SIM External  Review  Board  will  review  the  proposed  capabilities of the SIM 
architectures  to  evaluate: 

, 4 l  m' 

the extent to which  the  expected  scientific  performance of these architectures 

the  extent  to  which SIM will detect planets  in the habitable  zone  in support of 
conforms to those  foreseen  in the NRC Decadal  reports, 

the TPF mission, 
the  extent to  which  the  scientific  return of the  various  proposed 
implementation of the SIM mission are commensurate  with the cost 
differentials, and 
the extent to  which the implementation  approach is sufficiently  mature to 
guarantee the science  goals  will  be met. 



~, 

i t  - - S h l  can  provide the knowledge  base ~ v e  need i n  order to  kno\v \\.hich 
fi stars  actually  have earth like plmets i n  the  habitable zone. 
2~ - SlM w i l l  provide a critical  technical  base  for TPF no matter \vhat  design 
r 
7 is chosen  for TPF ( Interferometer or corona-graph) 

Slbl must  justify  itself to NASA HQ on these  grounds not as an  astronomy 
tnissioa because 

* OMB and Congress have been  told that S b l  is necessary  for TPF. 

SchcYiule of I<\  ents 
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RISK vs Performance: How can me reduce  risk  without 
- 1  

31 
- 8  71 compromising  performance?? 

, > ,  - ,  2 '  What is a minimum  mission? 

HI 
- 8  

,_; - ,  Is a "Planets mostly"  mission acceptable? 
'> 
i 

- ,  

- ,  5 !  
- 8  - 

3 
; i  What  is the  most likely failure  mode?  And  what  are  the 

consequences?? 
Is the  testing  process  adequate? 

if NASA offered $100,000 as a prize  to  improve  the F - 4 1  probability of success, what  would you suggest'? 
Are  there  other  ways  to find the  actual  targets  for  TPF? Le. 
KEPLER  or  ECLIPSE  or '?? 

\ ,V t i . ,  
0,,..111\ 

\ l i W l , l l  - 
O X I M  External Revtew Board Meeting 21/3/01 Phtlippe Crane, 5 

- Listen  Attentively 
- Question Deeply 
- Recommend Wisely 

Even  if  SIM  meets  all  the  requirements  that HQ 
has  set,  there is no guarantee  that  it  will  survive. 2 

HI is  not  $550M  and  that  $930M  is  a  VERY  big 
OMB  and  Dan  Goldin  are  very  aware  the  $930M 

number. 

O , ' , < , t h  \ \ \ ' \  WE MUST BE VERY  CONVINCING! 
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Science History, Overview of SIM 
Space  Interferometry  Mission 

M. Shao 
Project Scientist 

3 Dr, Geoffrey  Marcy 

E 
E Dr.  Andrew  Gould 

Dr. Edward  Shaya 
a, Dr.  Kenneth  Johnston 

- 2. 
Dr.  Michael  Shao 
Dr. Charles  Beichman 

- 

cn Dr.  Brian  Chaboyer 

L~ Dr. Todd  Henry 

Key Science  Projects 
Institutions 
University  of  California,  Berkeley 
NASNJPL 
NASNJPL 
Ohio State  University 
Raytheon  ITSS  Corporation 
U S .  Naval  Observatory 
Damnouth  College 
Georgia  State  University 

Planetary  Systems 
Extrasolar  Planets 
Young  Planetary  Systems  and Stars 
Astrometric  Micro-Lensing 
Dynamic  Observations  of  Galaxies 
Reference  Frame-Tie  Objects 
Population II Distances & Globuly Clusters  Ages 
Stellar  Mass-Luminosity  Relation 

Dr. Steven  Majewski University  of  Virginia Measuring  the  Milky Way 
Dr.  Ann Wehrle NASNIPL Active  Galactic  Nuclei 

Dr.  Guy  Worthey  St.  Ambrose  College 
Dr.  Andreas  Quirrenbach  University  of  California,  San  Diego  Data  Scientist 
Dr. Stuart  Shaklan  JPL 
Dr. Shrinivas  Kulkarni  California  Institute  ofTechnology  Interdisciplinary  Scientist 
Dr.  Ronald Allen  Space  Telescope  Science  Institute  Imaging  and  Nulling  Scientist 

Mission  Scientists 
Education & Public  Outreach  Scientist 

Instrument  Scientist 

A  NASA 

Hission 
origills . 



Outline 

* History of Slkl 
- Heritage  from  ground  based  interferometers 
- 1090 decadal  report 
-- 1000 decadal  report 

* SIM and planets.  comparison  with  other missions - SIM as a  necessaq step  towards TPF 

m a 
- Technology  precursor:  Target  selection,  Planetary systcrus 

SlRfSWG and 211 o\,erview of Slhl science 

I A NASA 
Origins 
Mission 

Historical Note 

The basic  idea for SIM i s  a Michelson  Stellar 
C 
0 Interferometer 
I A series of interferometers  from the Mark IiI 
2- 

P 

VI .- 

- on  Mt Wilson,  to the Palomar Testbed 

E provide  the  technical and scientific  foundation 
z Interferometer,  and  the  Keck  Interferometer 

‘D 
C 

0 
- + upon which SIM is being designed. 
$ In 1990, the Bahcall Report “Decade of 

Discovery“  recommended that  NASA 
undertake a11 astrometric  Interferometer 
Mission. S1M is that mission. 
This commitment \vas renewed in the  2000 

rn a 

I decadal  report  “Astronomy  and  Astrophysics 
int the New Millenium”. 

A NASA 
Origms 
Mission’ 
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Ground Based Precursors to SIM 

Astrometric Planet Detection 

- Astrolnetly looks for  the  transverse 
motion oEa star caused  by  orbiting 
companion(s) 
Because  astrometly measures the 
motions i n  two  directions,  there is 110 

(sin i) ambiguity 
Astrometry is more sensitive to "outer" m c planers 

0.001" 
Size ofeffect  at lOpc +"l 
- Sun-Jupiter 0.5 mas 
- Sun-Neptune (12 .  yr) I5 uas 
- Sun-Earth (lyr) 0.3 uas 

I m' 



Astrometric Planet Detection 
What's Measured'? J P L  

C 

v) 
._ I. .r 
C \. 1 . '  

c ' " , - - q  1 , ,  , ,; Orbit  Inclination  Coplanar  planets? 

IAN. - 150,000,000 km Astrometry  can  measure all of the 
f orbital  parameters of all planets. 
x 
a, ,+;-::; i\ 

8 \ '\ Eccentricity  variation of temp 

e ." ~ ~ Orbit  parameter  Planet  ProRerty 
't Mass  atmosphere? 
- Semimajor axis temperature 

cn 
i Period 
\ I  , .. ,.1 

I .. 

: \  ' 

.., _. . \. ..... 
, , -  , , I.. 

-.. i 
, ,  

\ .  -._ 
I .  . 

..__ 
_. ~. " 

." . ." 
- 

Sun's  reflex  motion  (Jupiter) -500 uas 
4- -80 A.U, -w Sun's  motion  from  the  Earth -0.3 uas 

I ANASA 

I @ Astrometric  Planet  Detection 

I I I 

P I  C ' 
cn 
L 1 

I 

\ Systems only accessible with SIM I I Keck Interferometer: 20 uas over 10 Years I 
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Planet Detection Comparison 

I I .  

~ Global  Astrometry 
~ comparison  does  not 

~ illustrative  the  true 
difference  between 
SIM and other  Space 
Astrometry  Missions 

A NASA 

Ml*SlOL, 

Orlglns 

Many  other  astrometry  missions  are  scanning  spacecraft. 
SIM is a pointed  spacecraft  and in the area of planet  detection 
SIM is orders of magnitude  more  sensitive  than other planned 

future astrometry  missions 

SIM Planet detection program - 50 measurements  (x,y) over 
a 5 yr  period  (lOyrs if extended  mission is approved) single 
measurement  accuracy - luas, equivalent  mission  accuracy 
is -0.15 uas. 

each  accurate  to - 260 uas. 

each  accurate to -28 uas, (vs -for SIM) 

FAME mission  accuracy -36 uas,  equal  to 50 measurements 

GAIA mission  accuracy  is 4 uas, equal  to 50 measurements 

Photo CCD's PTI Keck SIM 
FAME GAIA 

I I I 
100 mas I O  mas 1 mas 100 uas 10 uas 1 uas 

I ,  SIM is a Precursor to TPF (TechnologyJ,JI=)L I 
- Laboratory  demonstration  of  nulling 
- Laboratory  demonstration of optical  path  control  at  nanometer  level in a 

large  flexible  structure 

TPF in order  to  detect  the  light  from an Earthlike  planet  will  need  both  high 
spatial  resolution  and  large  collecting  area.  (vis  or  IR) 
- At any wavelength, TPF will have  a  very  denlanding  high  contrast 

- SIM provides  the  technology  for  stabilizing  optical  paths  of a large 
imaging  problem  that  will  require  sub  nanometer  optical  path  stability 

flexible  structure in mace at -I nanometer  levels 
P"d - SIM provides  the  technology  for  measuring  optical  paths and wavefronts 

at  the  subnanometer  level. (in space) 

I A NASA 
Oriylos 
Mission 



Sub-Nanometer Control for TPF J P L  
The baseline design for  TPF is an I R  SIM needs to control optical  path 

- nulling interferometer 

- - Nu11 to lc-6 needs optical path control 

- - The Eclipse mission (proposed DISCO\ ery requirement to control OPD to 800 Dm 
L $ blission) is a -1n1 telescol,e:coronagr~i~il as part ofa  ndling tcchnology 
.. - Direct detection of Jupiters ( \  isible) 

v) * i o "  hinter than star 

s 
2 
P 
% 

difference (OPD) to for 
astrometry 
In  the past, SIJvl had a technology 

in 

to 800 picometers (pm) - 

m - - demonstration for TPF. 
- - 0.5 xcscc From sLar * Nulling has two major technological 

components 
* Needs I angstroln (100 pm) \\'a\cfiont - The nulliug beam  combiner 2 difficult 

- Direct detection of Earths  is  morc - Extreme (IR) or Ultra Esterme 
(vis) Vibration control of a large 

0 . 1  arcsec  i?om  star flexible structure or sulfate - 10'" Fainter than  star * To save money  the SIM project has - - 1 O m  telescope,  same wavekont eliminated the nulling combiner.  in 
accuracy l'ur a - I0111 dia telescope space. Vibration suppression is a goal 

Wavefront accuracy to 1 OOpm implies that not a 1-equirement. 
Mission vibrations are controlled to 1 00pm 

03-ERB- Science H-t o c < x  I r D Y x r;iF?+ 
- - 

3/22/01 M. Shao - I 1 

Nulling Interferometers 

A NASA Continuous Null > 10,000: 1 
O r q i w  
MIS51011 
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TPF Targets 

' * TPF will  Ila\.c sufficient sensiti\,ity to  nleastnx a Ion/ resolution  spectra of an  Earthlikc 
planct's emisslon out to - I O  parsec. 

.- 
I .  - SIM w i l l  scarch virtually every single star out to I Opc for Ten-estrial planets \vith 
ZI i n  the habitable zone down to 3 Earth Masses. ( I  uas Deep Search) 

- & I  - SIM w i l l  search virtually  every single star out to  lOpc (1 uas Broad Survev) 
- TPF \v i11  have  the scnsitivity to detect the  IIght  from a n  Eal-thlkc planet out to - 3 0 1 ~ .  

& 
$ 1  

- Slbf w i l l  find planetary systems like our own (Jovian  planets i n  Jovian orbits) as 
potential targets for TPF. But perhaps more important SIM w i t h  its  large  number 
stars i n  the broad sulvey. w i l l  place our solar system and  Its planet i n  thc context 
of planetar\i systenls i n  this  part of the galaxy. 

Understanding planetary systems is key to a search for Earthlike planets 
- Are Jupiters at 0.1 - 1 AU the rule or  the exception to the  rule? Arc Jttpiters a t  5 

AU, the norm or a rare event? Are multiple planetary systems always in  eo-planar 
orbits, or rarely i n  coplanar orbits'? 

-- Are planetary system like ours conmon in the galaxy? 
- Are  terrestrial planets common? 

SIM Science  Summary 
SIM Planet  Science 

C The SIM planet science  program  has 3 components. 

$ Achieves  the  goal  ofsearching -250 nearby  stars  for  terrestrial  planets, in its 

E Achieves  the  goal of searching - 2000 stars in a Broad Survev at  lower  but 

P 

r _  - x Deer, Search at (1 uas). 

2 still  extremely  high  accuracy (41laS) to study  planetary  systems througllout 
- C this  part of the  galaxy. 
r 

x m E Achieves  the  goal  ofstudying  the  birth of planetary  systems  around Young 
so we can  understand  how  planetary  systems  evolve. 

- Do  multiple  Jupiters for111 and only a few  or  none  survive  during  the  birth 
of a  star/planetary  system? 

Disk-planet  interaction'? 
orbital  migration  caused  primarily by Planet-Planet  interaction or by 

A NASA 

Yission 
Ongllls , 
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SIM Preserves  General  Astrophysic,s Goals JpI 

- Two NAS dccadal reviews haw endorsed the filndanwltal astrophysics enabled by 
I wide-angle ash-onietry - .?.I - Only SIM can obsene objects as faint as 20 mag with astrometric accuracy of E l  4 yas 2 ;  

Si 
2 ;  

* Astronomy typically advances most S L I ~ C ~ S S ~ L I I I ~  with a combination ofpointed 
- ,  C '  and survey observations 

-- Detailed pointcd observations of - I  0" objects of particular interest with S h l  
w i l l  complenwlt the astrometric survey planned  with  the FAME mission 

H I  

A NASA 
Origms 
Mlssion 

The Distance  Scale  and  Stellar  Evolution JpI 
I 

Distances  to  galactic  Cepheids  to  a  Kpc  can  be  measured to < I  O/o accuracy, 

The utility of  RR Lyrae  stars as a  distance  indicator  depends  on  knowing 
their  properties as a  function  of  metallicity 

a  key  element in the  cosmic  distance  scale 

- Only SIM can  observe RR Lyrae  stars  in  globular  clusters  spanning - 
2.0 < [Fern] < -0.7 

Q SIM will pennit 104 mass  measurements  over  the  whole  range of stellar 
types,  including 
- Black  holes, OB stars  to  brown  dwarfs,  and  white  dwarfs. 
- In  addition,  by  obtaining  precision  masses  for  stars in clusters 

covering  a  range of ages ( I ~ y r  -- 5 ~ y r )  and a variety  ofmetallicities, 
SIM will  directly  probe  stellar  evolution  as a function of age  as  well  as 
mass. 
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Dynamics of Galaxies 

C 
0 
in 
7 

.- 

.- SfM will  investigate  the  dynamics of the  Milky Way 
2 
?- 
I a, 

- Detemline 3-D gravitational  potential  of Mi lky  Way via precise 1 1  distances to stars.  globular  clusters  and  satellite  galasies to 

~ Detennine precise  phase-space  coordinates of the  Sun  relative 
-1 00 kpc 

- 
to  the  Milky  Way to anchor FAME and GAIA catalogs 

(0 
il SIM w i l l  investigate  galaxy  dynamics  based  on  true  orbit 

2 
detemlinations 
- SIM will  measure  proper  motions  of 30 Local Group  and  other 

nearby  galaxies (50 uasjyr) from observations of individual 
V = l 6  - 20 mag stars 

mutual  influence  of  groups 

H 
- Results  will  include  dark  matter  distribution,  merger  history, 

A NASA 

M l S S , O # ,  

Orlgl"8 

, 3 3 4 3 ~ ~ -  science ~ i ~ t ~ ~  g, o~~~~~ ~ P L  I( ,  , I .  8 3/22/01 M. Shao - 17 

Active Galaxies and  Fundamental Physics A P L  

SIM astrometry  at  different  colors  will  distinguish  between  various jet 

- SIM can  detect  the  orbital  motions  of  two  merging AGN (05257?) 
and  disk  models  of AGN 

SIM will  use  astrometry  and  photometry of micro-lensing  events to 
detemline  physical  properties of lensing  stars 

SlM can  test  Mach's  Principle to 50/, accuracy 
- By comparing SIM (ecliptic  inertial  frame) and radio (QSO rest 

frame)  positions of the  white-dwarf~pulsar  binary, PSR J 101 2+5307, 
SIM will test  the  linkage  between  these  different  reference  frames 
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External  Review  Board 
Technology  History 

Bob Laskin 
SIM Project  Technologist 

I $1 The SIM technology  challenge 

Brief  history  of  technology  development 
- - - - k 
- 



I How Does SIM Do Astrometry'? 
/ 

8 Picometer  knowledge (100 pm = diameter of a  hydrogen  atom) 
.- - Picometer  laser  metrology 

- - Picon~eter starlight  fringe  position  measurement 
E - Data  post-processed on ground  to  achieve astrometl-y science 

F 

m 

25 
L 

0 

- - - Nanometer  control (75,000 nnl = thickness of a human hair) 
- Necded for  high SNR fringe => picometer  fringe  measurement 

m 
m 
(I) 

Millikelvin thennal stability of optics 

Overall  instrument  complexity 
- Autonomous operation 

A  NASA 
Origins - Instrument  modeling,  integration  and test 
Mission 
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I Key SIM Technologies 

1 

A NASA 
Origins 
Yisacon 

onleter T e c h  

Picon 

ogies 

11 E :ter Technolog e 

C 
.- 2 Formed  by NASA Code R in late FY'SR 
I - Rose  from ashes of  LaRC  COFS  (Control  of  Flexible Structure) Program 

E 
E 
- JPL -- focus on large optical space  systems 
m MSFC -- responsible  for  major CSI flight  experiments 

v) - 
z - ... - Multi-centcr  program  fimded at - $1 5M!yr lewl 
g LaRC -- focus on Mission  to  Planet  Earth  missions 

C 

a, 

JPL chose  space  optical  interferometry  as  technology  driver 
- Funded at - S3.5hIiy Ie\.el 
- Developed a Focus  Mission  Interferometer (FMI) 
- Developed htegrated Modeling of Advanced  Optical  Systems (IMOS) 
- Built  three  increasingly  sophisticated  vibration  attenuation  testbeds 

A N ASA - Developed ties to  the  space  interferometry  science conmunity (SISWG) 
Orlgins 
Misslotl - Prevented by charter fro111 working on laser  metrology 



I Key CSI Technologies 

A NASA 
Origtns 
Mission 

n ometer Technc 

I @ CSI Focus Mission Interferometer 
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I @ Integrated Modeling -- IMOS 

Multi-Layer Design for the FMI 



CSI Phase B Multi-layer Testbed 

A  NASA 
Origins 
Missbon 

JPL CSI PHASE B MULTllAYER TESTBED 

1 DISTURBANCE  REJECTION 1 

Micro-Precision Interferometer (MPI) JPLI 
.- 
I :I 

A NASA 
Origins 
Mission 
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Interferometry Technology  Program (ITP)JI=)L 

C 
CSI  morphed  into  ITP  when NASA transferred  technology 

.- 
ffl 
'" 
2 
2 

,o 

development  to  Code S in 1995 
- Focus  became  more  near-mid  tern1  than  mid-long  term 
- Bonds to OSI/SIM became  much  stronger 

I 

.t" Metrology  technology  developnlent  began in earnest - 
C - However, ITP  remained in JPL's  Technology  Programs 
s 
a q Directorate  through FY'9X 

- Funding  increased -- averaging about SI O M i y r  during FY'96 - FY'9S 

ITP became  an a m  of the SIM Project  starting i n  FY'99 

H 
- Focussed  on SIM -- components  and  testbeds 
- ITP manager  reported to the STM project  manager m' - Funding  increased -- averaging o\-er SISM!yr during  FY'99 - FY'OO 

A N A S A  ITP  merged into the SIM Flight  System  at the beginning o f the  
Origins 
Mission current FY to  facilitate  transition  from  tech  to tlight 



I ,  Key ITP Technologies J P L  

A NASA 
Origlns 
Mission 

ometer Technologies 

SIM Specific  Components 
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I @ SIM Specific Testbeds 

A NASA Crista-SP;ZS Deploys from STS-85 
Data Retwied 



I .  Summary 

Development  of  interferometry  technology  at .IPL dates  to 
the  late 1980's 

tlme 

Significant  effort on the  picometer  measul-ement 
technologies  did  not  begin  until  the  mid  1990's  when 
responsibility  for  the  technology  development was 
transferred to Code S 

A NASA 
Or191"* 

I 
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External  Review  Board 
SIM Project Overview 

Tom Frascllrtti 

SIM Project Manager 



SIM as a Technology  Precursor to J P L  
P Future  Missions 

I * snt is an  integral part ofthe flow of 

= I  technology within the Origins Proprani 
2 and the Space Science Enterprise $ 1  

- TPF and future Planet  imaging 
Interferometers 

- Long baseline Interferometcrs 
kom submm to X-rays ( M A X I M .  
Stellar Imager. SPIRI'T,/SPECS) 

STM is a rtrtiyae technology precursor 
, i n  the follobr. ins! areas: - 

- Picometer metrology 
- Angle  and  pathlcngth  feectfol-ivard 

TPF 

SPIRIT/SPECS 

Why does TPF need SIM? 

- Demonstrates  interferometry in space 
- Laboratory  demonstration of nulling 
- Laboratory  Demonstration  of  optical  path  control a t  one  nanometer  level 

on a  large  flexible  structure 

optical  wavefronts at the  subnanometer level 
- For  a  coronagraph  system, SIM provides  the  technology  for  measuring 

SIM will  identify  targets  for  TPF 

- SIM will  search  virtually  every  single  star (-250) within I O  parsec  for 
planets  down to 3 Earth  masses  in  the  habitable  zone. ( 1  LEIS) 

- SIM will  search  virtually  every  single  star  (-2000)  within  20  parsec  for 
planetary  systems  like  our own. SIM will  search  at  4uas  sensitivity, 
- star,  that TPF can  detect  an  Earth  around. 

If Slkt finds  an  adequate  number of planets  within <1 Oparsec, TPF 
requirements/cost  could be significantly  reduces 
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Project  Organization & Personnel Jp)I 

Origins 
misston A 

ERE3 - SIM Project Overview JPL , e c " . , , o  l . , . ," r.7.. 
+"=%%r 

3/22/0 I T C. Fraschetti - 7 

SIM Project Schedule 
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SIM Cost History 
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Study Results 

I ;  
- 1 1  

i - The SIM team  has  developed three design options with  varied science capability i The cost for nil three dcs ig  options  are under thc S93Oicl cost cap I 
i! * All three design  options  resulted i n  not only a sizeablc cost savings, but even a 

= I  
- larger cost and  technical  risk savings 

- rnctFo1o-q b e a m )  
- External  metrology system greatly reduced (5016 rcd~~ction i n  external 

- 50% reduction i n  overall mechanis~u count 
c - Sign~ficant reduction in  optical complexity 
J 

* L A  Lndcpendent Cost Estimate is well w t h i n  201'0 of our esti~nate for. all designs 

Cost delta between the highest  and  lowest cost option is o n l y  about S50h.l 

Our SIM Technical  Advisory Board concluded  that  the  complexity of SlNl is 
now on a par with other systems that have tlown in space 

Mission Concept Options JpI  I 
Reference Design 
- This is the design  which was reviewed  by  the IA team 
- Project  costs  based on this  design 
- Not being  considered f u ~ t l w  as i t  does not meet the budget  guidelines 

Shared  Baseline SIM , .  
- Best  understood design 
- Maintains  over 90% of Reference  Design  science 
- Maintains  Grid  capability 
- Some imaging  science,  and no n~~lling 

ParaSlM 
- Same  aswometric  capability  as  Shared  Baseline  but  with  greatly  reduced 

- Provides only about 30% to 50% oflleference  Design science 
- Minimal  imaging  demonstration (no science).  and 110 nulling 

scieuce  throughput 

SONATA 



The Bottom Line Jlpl 

b l  
' ' I  

i 

Science Vs Cost Plot 
I 

100 
90 
80 

o 70 
2 60 

a3 
S 

t% - 50 
0 40 2 

30 
20 
10 

5 
I A ParaSIM w/ CMGs 

J ParaSIM wl RWs 

SONATA I 
0 1  
a50 900 950 1000 1050 
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The Bottom Line 

i 

s there a Lower Cost Planets-only A p p r o e L  I - - 
We have  thoroughly  explored  the  trade  space for the SIM interferometer  architecture 

- We looked at  variable  baseline  lengths t?om S meters on a fxed structure to 100 
and  found no low cost  option 

.- j meters  on deployable booms 

- - The  Independent  Assessment  team  has  independently  looked  at a deployable 

- - We have  looked at design  variations  and  settled  on  three  representing the lowest 

c - - 
.s 
2 

concept  that did not offer a cost  savings 

cost  approaches 

- - 
- 
x L Other  astrotnetric  architectures such as FAME and  GAIA  are  significantly less 

sensitive for planet  detection (350s and 3 0 s  respectively).  The  cost  for  scaling up 
GAIA  wotlld far exceed the S h l  cost 
Large filled aperture  telescopes  to  detect  planets to a few  earth  masses  in a IAU orbit 
would be co~nparable to TPF or perhaps nest generation TPF 

I 
- only  tlx SIM arcllitecturc w i l l  giye t l x  n u s  ofany planet it detects 

SIP1 is the  lowest  cost  architecture,  and  Shared  Baseline  offers  the best I 
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Level 1 Science  Requirements Jpl I 

,r 1 

' d l  

in one  orientation in one  orientation 

end of 5 year  mission  over  the 

V=20 mag. 

mission over the  entire  sky for 
Globol Astrometn, 4 pas ( 1  sigma)  at  end of 5 year Better  than 30 pas (1 sigma)  at 

\ \ \ ' \  
Olltillr stars  brighter  than V=20 mag. entire  sky for stars brighter  than 
\l i \+ l , ,  

c 
05-EW - SIM prolect  Ovewlew J i j L ,  a c r I r I s # ti;? 7 sn?iG* 

I @ Level 1 Technology Requirements JF)l 
These technology requirements were established by NASA Headquarters and 
documented in the S1M Fornltdation Authorization dated January 18,  2000, and were - - 

.- * ,  contained in the science A0 

~ 

The updates to these requirements are design independent 

SIM Technology  Requirements 
Use of fnterferomeby I Demonstrate  a  space  interferometer  system  (with  long  baseline  operating  in i I  

I Techniques short  wavelength)  having  capability of active  pathlength  stability  control  and 
pathlength  knowledge  consistent  with  the as t rome~c science  goals I I  

Demonstration of Provide  'kv-plane"  coverage  adequate  to  image up"% a few point  sources 
Synthesis Imaging located  within d 2 arcsec field 



Five Key Questions 

S .  Does SIM need global astrometl-y? 

L O < . " , ' .  ...,T;7 

Backup 
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I @ SIM  Technical  Advisory Committee Jpr I 

SIM  Science  Team 
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C I  
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9 
c 

and - 
Intro  to  Interferometry P 

2 

The SIM Reference  Design 

Brad  Hines 

Interferometer  Architect 

March  22.2001 

with acknowledgement to previous  architect  Jeffrey Yu 

Outline 

Interferometry  Overview 
C 
0 

(n 
.- m - Motivation  for  interferometry 
3 

- How do you use one to do science? j? 

- What is an interferometer'! 

g - i - How do you build  one? 

x - 
C 

1) 

C 
- - I rn SIN1 Mission Reference Design 

-1 



What is Interferometry? 

For  our  purposes today, it's way of mi1king high-resolution - 
- 3 rneasuremcnts 

? understand  properties of the  object 

m 

bleasures properties of the  light from an object  that we then use to - 2 
$ Sometimes  this is an irnagr,  but  oftcn  something less ambitious 
- 

"1 

36-ERB - lntm to lnterf & Ref Desipn P L  ' L O c . " , t .  =*,,T-% z7;;- 3/22/01 B. Hines - 4 
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What  is  an  Interferometer 
and  What  Does  It  Do? 

Synthetic Aperture 
Imaging with an Interferometer J P L  1 

Primarv Mirror Confieuration 

@ 
@ 
@ 

Synthetic  Aperture 

Synthetic PSF 



Fizeau vs. Michelson 

Pointing an Interferometer J P L  

A NASA 
Origins 
U15Si"ll 

A B A B 

L- J 
.AD = B D  

IS rrqulred for both 
instnments 

\ \ / /  

E 4 
w w  

1 
06-ERB ~ lntm 10 Interf& Ref Design P L  1 0 1 1 " 1 ' 0  . . , r i T 7  57t.v 3/22/01 B. Htnes - 8 
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Astrometry 
Where is the Star in the Sky? J p L  I 
- 

Filled Aperture 
Telescope 

L w m a  

, 0 

Michelron lntcrferometcr  with 
Optical Delay Line I 

4 B 

* - I il Interferometer 
Fizeau 

Interferometer 
Michelson 

a NASA 

For perfect interference, 
we must have d = S .  -fs . 

If we know 6 and fs , we 
know what to set d to. 

Conversely, if we k 
and measure d, we can learn I 
something about . 

1 If we do this for 3 

t 
w w  

different values of B , we 
can completely determine 
s .  



The Fringe Pattern 

Fringe Detection Techniques 1 - 
Pathlength Dither J P L  

c 
0 
VI 
.- 

.- 
2 
>. 

0 

- for us to see it. 

- 2 

f 
1. The fringe pattern 
sits in space, waiting 

c c 

change, indicating 
the  presence of the 
fringe. 

m' 

IdWSW 3. We see a 
sinusoidal intensity 
variation as  a 'd.n'w function of time. 

gL I f  we change fhe 
~ optical path delay. 

the intensitv will 

4. The phase of the 
sinusoid tells us what 
part of the  hinge 
pattern we 

I :  Phase 

Plthl.ngth 2. So we modulate 
the optical  pathlength 
with a triangle wave. 

Measurement 
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Fringe Visibility J P L  I 
I !  How close to perfect is thc  interfcrcnce? I $ 1  '.I 

t t 

Zl 
HI* Visibility  can  be  affected by 

- Imperfections in the  interferometer 
- The  interaction  between  the  object and the  baseline 

06-ERB - Intro to Inierf& Ref Dcsien "*,.7"-7" 3/22/01 B. Hines - l j  

Model-Based  Imaging 

If you know something about the 
c object a priori, you don't have to 
rn make a full image 
0 
'.I 

.- 

2 
L 

0.6 

0.4 

0.2 

0 

Interferometer Baseline 



t 
W 
+. 

Intensity  Intensity 
r""""""~ C A  

Prism 

The frequency of the 

"""""_ 

I A NASA 

M,SSlO" 

O q " 5  
Since the spectral bins are  narrow (more like laser light), the fringe 
envelope is wider. Sa the fringe detection range of the dispersed fringe detector is much greater. 

Telescope (a sinele Keck) blichelson  interferometer I 
9 

9 
.g 
2 

~ 2 0  optical precision k/20  optics,  stable to 10 nm 

pathlength z 
9 Segment piston errors zeroed * Delay  line adjusted for  equal E 

2 

2 Segments pointed  correctly Wavefront tilt in each  arm  equal 

i - 
- 

4 NASA 
Origins 
Mi5SW" 

06-ERB - l n m  to interf& Ref Desien L O C r X I ' D  x .7  3/22/01 8. Hincs- 16 
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* Star Simulator 

: 
"v 

$1 W w\ 
Wavehunt Till 
scnsor cam 

The Role of Computers 

Michelson  measured  fringes  with  his  eyeball  as  atmospheric 
C 
._ v) turbulence  swept  them  by 
9 Modern  computers allow quick  fringe  measurement  before  the fringe - t moves,  allowing,fiinge tracking E 

E Computers also handle  the  conlples  sequencing  of  the  subsystems 
d - 

rn tl 
1 



A NASA 
Origms 
Mission - 

06-ER 

SIM Reference  Design J P L  I 

I Key Flight System Requirements 
for SIM Reference Design J p L  I 

* Science  Objectives 
C 

v) 
.- - iistrometry 
._ z 
0 
0 

- 4 uas wide  angle (15 degrees)  nlission accuracy 

- x - 1 UHS narrow  angle ( 1  degree)  mission accuracy 
r - wavelength - 0.4 - 0.9  um 
i - mininlum brightness - 20th mag 
- - less than 120 degrees of the celestial sphere is inaccessible at any  time 
a, - ?. 
a, 

4 
-1 

H I ‘  m‘ 

Technology  Objectives 
- Imaging => -0.5 meter to -10 meter baselines with  “uniforni” u-v 

- Nulling Technology  Demonstration => lo-* null over 5 minutes 
coverage 

Flight  Environment  Requirements 
- Atlas V 121  Launch Vehicle => 5318 kg  launch capability 
- Earth  -trailing  orbit 
- 5 year lifetime 

06-ERB - lntm to Interf & Ref Design “ , * c w , , ,  “ . * , ‘ T ” X S  3/22/01 B. Hincs -20 

I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
1 
1 
I 
1 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

SIM Astrometric Measurement J P L  I 

1 +T"i+r Intenlal path delay 

bean combiner 

d&y line 

A  NASA 

Miss8On 

The peak of the  interference pattern  occurs  when the 
O<lgl"S internal path delay equals the external  path  delay 

Internal  Metrology 

m' 
delay linc 

A  NASA 

h i i s i o n  
.. , q , n s  Laser  path  retraces  starlight  path from combiner  to telescopes 



External Metrology 

hletrology re ference  
s t ruc ture  & optical 

fiducials 

tcleseope 2 
Baseliue  Vector B 

Baseline is determined in frame o f  metrology reference 
structure, as determined by “roll sensor” 

External Metrology 

Metrology  reference 
structure 61 optical 

fiducinls 

Science  haseliue 

The attitude information is used to stabilize the 
A NASA science interferometer by commanding its optical delay line 
Origins 
Mission 
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External iMetrology J P L  I 
orientation of science and 
guide basclincs 
Allows accurate  transfer of 
attitude  information  from 
guides to  science 
interferornctcr 
- Scicncc intcrfcrometer 

stahilizcd b) 
commanding its delay 

Metrology Beams 
(8 of 28 shown) - Provides  long 

integration  time  for faint 
stars 

Imaging  with  an  Interferometer 

object u-v (Fourier  plane) 
reconstructed I 
imaae 

baseline 
orientations: 

I 
1 The  interferometer  measures  the  Fourier  transform of the object I 

Each  baseline  orientation selects one point  in  the (u,v) plane 
- The  data  for this  point is the  fringe visibility and phase - With many baseline orientations, you fill in the (u,v) plane 

The image is reconstructed  from  these  Fourier-domain 





I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

SIM Configuration J P L  I 
I 

, ' Precision Structure 
External Metrology 
Truss (MET Kite) 

i (PSS \Ving) 
C l  +Z ,?k 

pacecrafi componet~ts & 
Tnstmment Electronics 

embsdded in Backpacks behind 
A NASA PSS Wing 

I 

Note: Sid Ray qtv was changed to seven  since  this  picture  was  made 

Light  Paths Through Instrument J P L  I 
I Switchyard 

1 .  All  beams el i t  Siderostat Bays i n  +Y direction. 
2. 180 deg rewrsal at Vu-Turn Mirror pairs. 
3. Enter  Switchyard with zero Optical Pdth  

Differences  (OPDs). 

;\I1 beams  exit  Switchyard i n  -k d m c t  
Enter  ODLs,  correcting  baseline  OPDs. 
Exit  ODLs i n  +Y direction. >. DLs 

(Optical Delay Lines) I 



Instrument Layout J P L  
YII-Torn (Roof) blirror Pairs (8) Note:  the  Yuller  will he 

si mounted to one Combiner 

ODL - High  Bandwidth ( 4 )  
(hidden  under Sid Bay  Bench) / /-.- 

ODL - Low Bandwidth (4) 

A NASA 

Misson Siderostat  Bay (8) 

(Long Stroke) / 
Orig,ns Reminder:  Sid Ray qty was changed to seven 

. 
1 . < . * , , n  “ . . i l l  I 

Metrology Kite & Boom J P L  
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Flight System Functional Block Dia, 

I ANASA I Precision Structure  Subsystem 
0,lU"S I 

I I 

Siderostat Bay  Configuration 
JPL I 

A IIASA 
0'3g1"S 
M i S h "  

P 06-ERE - lntro to lntcrf & Ref Design 3/22/01 E. Hines - 34 



Optical Delay  Line (ODL) J P L  

I 

SIM Astrometric Beam Combiner J P L  

bmspmttn 1 Wedge Mirror metrology hur detector 

STAR TRACKER 
CAMERA 
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Metrology  Vertex J P L  I 

Beams from sid bay not shown 
A NASA 

Metrology Fiducials 

T 

- c I O  urn vertex to sid surface 
Prototype TCC 
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SIM Electronics Block Diagram J P L  I 
" - SIM REFERENCE DESIGN 

RTC FLIGHT ELECTRONICS 

BLOCK DIAGRAM 

' 
C l  2 '  (SIMPLIFIED) 

> I  
2' 
? 
e 

a , ;  
$ 1  - ,  

A  NASA 
Origins 
Mission 

Precision latche: 
lock met.boom 
segments i n  
dsployed state \ 

/ Precisinn Hinves 
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SIM Reference  Design  Performance 
Wide  Angle J P L  

SIM Reference  Design Performance 
Narrow Angle J P L  

Syslemaec 
1.2.3 

Measurement 
Error I E m  I 



Dynamics and Control Test J P L  I 
I I ,  I 

I = i  

I Pseudodostar I 

Picometer Performance Test J P L  I 

A NASA 
Origins 
Mission 

t OCERB . lntm Lo lnterf & Ref Design PC-,..... r .  .,;,x7 7X.v 3R2/01 E. Hines- 44 I 
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Summary 

1 lnterferometers  can  image  objects  by  making  a  series of 
C 
0 measurcments of thc  Fourier  Transform  ofthe  target 

- measuring  thc  "position" of the  central  fringe 
$ lnterferometers  can  measure  star  positions  very  accuratcly by 
A 

c 

High-performance  auxiliary  systcnls  are  needed  to do this  (pointing, 
pathlength  control) 

!I 
The  SlM reference  design I 
- includes  capabilities  for  imaging  and  nulling 
- requires a complex  estcrnal  metrology  system 
- requires  significant  deployments 
- has a significant  amount of electronics 

Backup Slides 



Moving from cartoon  towards  reality J P L  

7 2  I 

Image Rotation Problem! Image  Rotation is tixed 

I 

How beamsplitters work 

A beamsplitter's  outputs  are El f * . ~ ~ ~  , 
C 
._  v) out  of  phase  from  each  other 
!! 
2 
P 

0 

by 90 degrees,  and  from  the 
I @ - 0 l = x / 2  - input  by 45 de,  orees. 

E 
$ 

Eoeie 

a, 
C 
a. 
m 
in 
0. 

- 

-- With two equal  inputs at 
exactly  equal  path,  the 
beamsplitter's  outputs  are E, o " ' o ~ o E E ~ ~ ~ >  =;/EJz>(l+sin$) 
equal. 

between  the  inputs, a 
With  a  90-degree  phase  shift f 

complete  null/bright is 
achieved. A NASA 

MiSSiO" 
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Flight Subsystems J P L  I 
- Starlight (STL) Subsystem - - 

? - Collects  starlight  and  mcasures  intcrferomctcr  fringes 

- - Mcasures  internal  and  external  pathlengths 

5 Metrology ( & E T )  Subsystem 
2 ;  
3 

$ 1  Real  'Time  Control (RTC) Subsystcnl iL - .  
- Provides  computers  and  clcctronics  to  operatc SlM 

ffl  - Performs all controls  functions 
1. Precision Structure (PSS) Subsystem 1 - Prosides  stable  structure  for  interferometer  components 
I - Deployment  mechanisms 

' 0  Spacecraft  Subsystem 
- Provides  standard  spacecraft  functions (e+ ACS, telecom) 

- Acquires stars over a 15 degree field of regard  and interferes them 
- Provides sensors and actuators for dynamics and  control functions 

- Siderostat Bay 
Siderostst mirror  and gimbal - Beam compressor 
Fast Steering Mirror 
Sid camera 

- Transport Optics 
Ttlrning  mirrors 
Switchyard 

'-1 - Delay  Line 
- Beam Combiner 

Angle and fringe tracking CCDs 
* Kuller 



Siderostat  Assembly J P L  
Inner  Gimbal 

El Drive Gimbal Fork 

SIM Metrology Subsystem Overview J P L  I 
- External  metrolog) measures 

* 2 guides nntl science  Iraseline  lengths 

relnlivr  orieatatioe betueen tlle three  Itasclines 

- 4 vertices are used to triangulate on siderostat  cc  positions 
I extra f o ~ . r e d u t ~ l a n c y  and for cnliltration of corner cutter 

-- Absolute  metrology  system is used  to  determine  geometry of optical  trllss 

* Internal metrology 

siderostat  cc 
- Internal  metrology tnctsures starlight  path  from beam  combiner to 

* critical  that la1 is parallel to starlight - Equipment List 
- Metrology  Source 

Laser 

* Frequency shifters i ~ n d  modulators - f iber  distribotias   systenl  

- Beam  Launchers 
* 34 e>ternnl, 8 internal 

A NASA - Fiducials 
Origins 
Uissoon - 4 triple  corner cubes 

1 I single  corner cubes - 7 siderostats,  4 beam colnbillers 
06-ERB - Intm 10 Intcrf& Ref Design PC . L . . I * l , .  ...,&- - .I .> 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 

r 

Metrology Subsystem Block  Dia, 
oram J P L  I 

Metrology External  Beam  Launcher 
J P L  I 

lor parrs COLinl Not partof 



S/C Avionics Block Dia, oram 

1 

1 TAccei I8C test - ambient  functional ~ repeat baseline - nanometer tes t  
.thermal cycle -mechanism  rotion 
-thermal balance - prop flow test - ptmmeter  test 

Mi ion Ship  to 
+ Launch 

A NASA 
Origins operatiom E-TI -b 
hiisson Test 

FS Alignment Launch Sie FS aweouts + Test ConMence Test -+ Weight and CG Site 
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J P L  1 
; i  g !  External  Review  Board 

Design  Study  Overview .; ~ 

21 > 
d 

Peter Kahn 
Tiger Team Lead 

FliSht  System Engineer 

22 March 2001 

Introduction  and  Agenda J P L  I 
- Shared Baseline  SIM 
- ParaSIM 

- Integration  and Test 
- Calibration 

-1 - Risk and Reliability 
Summary 



Charge to the Team J P L  1 
1 * Develop one desigl concept  that  preser\:es as much of the Slbl science as posslblc 

within the $930bI cost  cap 
- ; I  Develop a second,  minimum,  planets  only,  design  concept  that n il l  provide a cost 
2 
C .  

substantially (Si O O M  - S 1jOhU below  the  cost cap 

2 Dcvelop a third  concept somenhere in between thc first two 
,Z F d l y  engage  the SlM team (JPL; ISC.  Lockheed  Martin.  T'RW.  and  the Slhl - - - - Science Team) in the  design  study  activity 
Y - Assume a shuttle  launch  with an upper  stage 
x c - Capitalize on recent  beam  launcher  technology  development to reduce  cost  and 

risk 
Work  closely  with  the I A  to de>-elop an accurate  system  bascline for the 
Independent Cost Estimate 

I oricin, 
\ \ \ x \  I 

Mission  Concept Study Process A P L  I - - 
Reduce Mission  Scope 
- Relax  Level 1 Science  Requirements 

.- L: 
z 

. _  - Provides some flexibility in Error Budget  allocations 
A. - Eliminate  Wide  Angle  capability (including  Grid) if  possible 
- Relaxes  I-equirenlents  on  Field of View  coverage 

z - - 
Reduces  pre-launch scisnce activities 
Reduces  Science  Center  processing  (Grid) 

Trade the  complexity in  one subsystem for simplification in another 
Reduce Darts coimts 

Other  FOCUS areas 
- Shuttle  launch 
- Schedule  and 1 & T optimizatioc 
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Design / Risk Simplifications J p L  
, Removing in1al;Ing science  requi~-ement (crowded 
I field astrolnetry) allowed clustering. reduction of 

5 I siclcrostats 
il - External niletl-ology - 9 meter  boom and kite rcduced to 1 meter 

Design / Risk Simplifications (cont%)JI=)L I 
Removing imaging science requirement 

- Deleted Switchyard 
Reduces  optical  complexity  and risk 
Minimum beams paths along  the strt~cture 

Optical Switchyard 



Design / Risk Simplifications ( c o n t ' d ) J p L  

Need for a Grid J P L  
0 Grid plays a significant  role in Estemal Calibration ofthe instrument  and 

.- z understanding of instrument  performance 
J. - 
I 

- Grid provides for finding  and  eliminating  systematic  errors 
i. - Operations  Phase  risk  reduction 
- - Enables  search for long period  planers 
- 
,- ,. 

* Without grid. unknown  proper  motion of reference  stars  causes results i n  false 
acceleration ofvuget star 

* as large as 4 - 10 uas over  a 5 year mission 
* The SIM grid (accurate to 4 uas i n  position and 2 uasiyear in proper  motion) is x. 1 

i, 
more than adequate  to  eliminste false acceleration 

* But  Sonata  cannot make its o\vu grid. 

I 

- 
07-ERB - Desien Studv Overview 312U01 P. Kahn - 8 
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Design Evolution J P L  I 

I 

Ground IFs (e.g. PTI) 
I 

I 

All cosred 

Design Details 
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Shared  Baseline SIM 

1 Sharing Siderostats 
- 4 Siderostats versus 7 for Reference Design 

- Sinlplified On-axis ThlA design vs. off-axis confocal  paraboloids for 
21 Reference  Design 
3 I 
SI 
5 Direct baseline measurement instead  of complex  Optical  truss 

External kletrology Simplified Significantly 
- Metrology Post is I m versus 9 n1 plus kitc for  Reference Design 

x - No Beam Launchers on Met Post 
- K O  hlztrology Electronics or Thermal Control hardwars 
- Far Fewer Metrolo,qy Beam requlred 

Graceful  Degradation  in event of certain failures 
- Best redundancy capability 

PROS: CONS: 
Most like Reference Design Highest cost of three options - Maintains maximum science - Most metrology 

O,.i<i”\ 
\ Y \s.i Has graceful  degradation paths to 

ParaSIM \1i5ri,,,, - 
I , * C , ” , ‘ *  07-ERE - Design Study Overview z.+- 3/2UOI P. Kahn - 15 

IM 

Description 
- New  concept  for  pertbrming SlM . science 
- Measures  arc  length behvvren 

reference stars and  target  stars 
Look for  periodic  motion  o1‘st:lr 
relative IO nearby  srars 

D 
* Science Capabilitv 

number ofbeams from 36 to less 
Eliminates  external ~net~-ology boom, and 

tllall 1u &I - Only  three  interferometers  (third  is COI 

Can do same astrometry as 
Reference Desipn. but w i t h  fewer 
science  targets 

Retains  planet  finding 
- Sinlplified  telescope  design 
-- Requires  substantially  more  spacecrafi * Capable  ofdoing  Grid  and 

capability 

positioning  global  astrometry 

W i 2 h  more limited  than  Shared  Baseline 
* Basell~lr ro be iu  line  with the guide  and ~ Imaging  demonstration  capability 

.\ \ ,\ \ 
\ l i , \ i G r n  - Rzqulres tnulr~plz  guide stars for each 

SCISI~CC‘  stars for each  Inemtrrmllr  

science star -- No nt~l l ing  capability 
1 -  

07-ERB - Dcs~gn Study Overview PL L o c r . r r . ” . . i G ”  x=- 3/22/01 P Kahn- 16 
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ParaSIM J P L  I 
I Double 

I Corner 

Metrology 
Beams 

Incoming 
Starlight 

~ ,. . I ,  Six Siderostats in 
o l i x i n $  “Horizontal”  Plane 

Fewer  Siderostats 
E .- - 6 Siderostats  versus 7 for Reference Design 

.- 
2 Fewer Telescopes 

- Simplified (On-Axis) conmon design of Guide  and  Science optics (TMAs) 

.5 
Eliminated  one  interferometer 

2 * Direct  baseline measurement instead of complex  Optical  truss - - Eliminated  many mechanisms 
c 
x External  Metrology Simplified Significantly 

- No Metrology Boom or associated electronics and Launchers 
- Far Fewer Metrolo,? Beams reqtlired 

PROS: CONS: 
Grid capable Observationally  inefficient 
Easiest external  calibration Stresses ACS - lots of turns 

Requires  tighter ACS Control 
.\ \ \<.\ 
or,:i“\ 
\ I i , , i * k  



;I 
x - - Engineering Ueltss 

- Simplzst esLerImI metrology  system 
with a retluction ofbeams from 56 to 2 

- Simplified front-end  optics 
- Four interferometers share one common 

siderostat  mirror  and use TMA  (Three- 
klirror .L\nastigmat)  telescopes to select 
2 guide al~cl 1 science stars 

ol-icin, 
\ h X<.\ 

\li ,\i , , , ,  

Incoming 
Starlight Sonata 
n 

1 

T W  
Number of 

Nlanber of 
Baselines 

simultaniously 
operating 

Number and type of %Old Style 
Interferometers 

External Metrolog wiDither 
Beam Launcherr 
FSMs X 
Internal Beam 4: S A W  
Launchers 
Number & Length of 4; 3-stage; Xcm 
Delay Lines 

(conic) 
I 

3 
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Fewer Siderostats 
- 2 Siderostats  \;ersus 7 for  Reference Dcsign 

2 L * C.ommon desi_cn of Guide  and  Sciencc  optics 
- On-axis  three-mirror  anastigmat (TMA) vs off-axis  confocal  paraboloids for 

i 

Rcfcrence  Design 
2 - 1 Baseline & 3 Interferometers (the 4th is redundant) 

; Direct  measurement of baseline  length 
2 - External Metrology- Simplified  Signiticantly 

- 
L= 

- No Metrology  Boom  or  associated  electronics  and  Launchers 
- Only I External Metrology beam  required 

PROS: CONS: 
Lowest cost Only  Narrow  Angle  Science 

No Grid capability 
Analysis of FAM to  reduce  beamwalk is TBD 

\ \ \ C \  
(IViSi", Least heritage 
\I11111111 Greatest  cost  and  technical risk - _i - 

07-EREI - Design Study Overvlew - L o < * , , ' #  1 4 . 1 1 .  a ,  .. -4 ~" - 3/22/01 P. Kahn - 21 

Design Comparisons 

I 



Science  Throughput  Comparison Jp)L 

. .  

I ~~~$~~~ Note: 30% of misslon  time is allocated for Grid and calibration 
~~~~ ~~ 

Testability 

I 
- Baseline integration flows are evaluated for each of the three configurations 

.- z1 

l&T Flow.'Conf'iguration Evaluation I 
- 
- - 
- L 

relative to: 
* whether  new  test  types  are  required or whether  tests  can  be  eliminated or combined 

- task  complexity(risk)  changes 
. '2 integration  additions  and  deletions 
- - I&T schedules are created and compared for each  contig~wation 
- - Include  subsystem I&T duration,  Interferometer I&T and .\TLO duration 

L 
,. - 
L 

i - - - 
.l 

c x - - Subsystems are fully verified prior to start of Interferometer I&T for all 
configuration options 

"Starlight"  subsystem  kept  as  critical path driver prior to ll&T start 
- Evaluation perfomled for Shared  Baseline, ParaSIbl, and Sonata 

detailed  schedules  built for ParaSliVI and  Shared  Baseline  configurations 

Two-baseline system test of Flight System 
- Reference Design only had a single baseline test 
- Results in better test ofFlight System 
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-Acquisition C a m  - Beam Launchers 

Elimlnaled on all 
Eliminated on ParaSlM 

\ \ \ s t  
orici". 
\i;\'i,,,, 

Testability (cont'd) 

I I .  I 

"L? 

- Sdemstat Bays - CmndmM I F 0  - Reference cals 

- Swltchyard 
. Metrology Kde Elements - Sell Test - Inletfernmeter to PSS 

- ODL's: Relay Optics 

I 

L . __ --: 
I Start 

i Work Per iod  

- + I U n s c h e d u l e d  ! IrrdirDdCTest ' IXCTes tPqs  

u I I ""A 

-Two Month  duration - Pseudostar - Isolation system 
- Nanometerdasr - uses 2 guide star a d  pnw to start 

- Vefies RTC margins 
1 sdeme star target 

Legend: 
- Metrology  Boom on Shared  Baseline  Only 
- Eltminatec on all Conhgcrations 
- Candidate for combining with Astrometric  vacuum  test  phase 



Testability (CoIlt'd) 

1 No discernible  schedule  discriminators  among  the  three  designs 
- rcdundancy  approach restilting in similar  numbers  of"starligl1t subsysrern" 

hardware  elements for all options 
- all configtmtions have  improved TVAC chamber  compatibility due to boom 

elimination or reduction 

,?I - Schedule  reduction ofil l  working  days 
$ 1  

2 acconqdished with one setnp  and  pseudostar type 

- nlain ad~mtage  oyer  old  baseline is ifD&C and  Astronletl-ic testing can  be 

Shared  Baseline and ParaSlPvl very  similar 
- External  metrology  comparable to additional  siderostats 

Sonata  much  the  same  except for more  complex  pseudostar  interface  for 
D X  testing 
- Haven't figured out how to test Sonata 

Ol-i:rnr 
\ x \< . \  Two-baseline  system  test of Flight  System  instead of single  baseline  test 

\ l k , h ,  

Calibration 

SIM is not  an  ideal  interferometer. 
5 - Diffraction:  difference  in  path  behveen starlight, metrology. and a ray passing 

, - Polarization: mostly in metrology,  false  pathlength  reading  due  to 
- polarization changes as comer cubes  articulate 
L - Beam Walk: tilt ofsiderostats, dihedral  errors on rotating  corner  cubes 
- - Time-dependent  tenns: beam  walk,  changing  optical  figure.  other. 

c These  are  spzcitied i n  the  error  budget to remain  below  some  tolerable 

- 
.- 
3 

through  the system. 
A - - - 
L . .> - - 
x 

level. 
- Two types of calibration  analyzed: 

External (stellar references and the  Grid) - Internal (using an internal source) 
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Calibration (cont’d) J P L  
I Current Calibration Status 
I 
1 

External  Calibration I - Shared Baseline:  current  concept  showspromising first results 
- 

C u ~ ~ e n t  scheme  may  take  half-day on orbit. But likely we \vi11 see 6 - 
- I O  L I ~ S  measurcn~ents lead to 10 uas  calibration  accuracy. 2 

c - 
hours or less required. 

3 - - ParaSlM: initial proof of concept  complete 

2 - We understand  how to do it; how well it works,  mullipliels, etc. 
z c (Assuming the  physics  models  are  reasonably  representative of the 

smoothness of the effects.) 
Can calibrate  wide  and narrow angle to about I O  and I uas,  respectively. 

- SONATA 
* No scheme has  been  identified for external  calibration  with SONATA 

Internal  Calibration: 
5 - Has the  potential  to  improve  overall perfonnance by as  much as 40% end-to- . _  

.- z end compared  to exte~nal calibration. 
2 .  - Potentially works for  both  ParaSIM  and  Shared Baseline. 
c - - Internal  calibration is not a performance discnminator between  the two 
. *> designs. - - - - Technique  and  sensitivities  are somewhat different for SONATA. 

i c Concepts  for  internal  calibration  exist on paper 
i- 

- Analysis is proceeding 

Sensitivities  to  various  sources of error  are  being  studied. 

lmpacts  to  testbeds  are  being  studied. 
I 



Risk and Reliability J P L  

?I 

p__ 

No Single Point Failure allowed 

Block redLmdancy has been assumed for costing  studies 
- :I - “Blocks” are  at highest levd (e.g., interferometer) 

,: I selected design 

2 j/ 
- Other fmctional. relizbiliq approaches w i l l  be investigated 

Clltimately a  standard Risk Management Approach will be applied to the 

:I 

0, iq inr  
\\\s\ 

\ l i . \ l W  

P 
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Risk and Reliability (cont’d) JPL 

I .\ \ \<.\ 
Orizir,. 
\ I i . + m  

- On-Orbit Graceful Degradation 
- Shuttle Latlnch 
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Risk and Reliability (cont'd) J p L  I 
i 
i Features that add risk: 

- I  - .  - Shared  Baseline 
Shami  Siderostats 
FI-ont-Back  Double Comer Cube 

- Par-aSIM 
Front-Back Double Comer Cubcs 

- Sonata - FAM "Chopping" Technique - Shared Siderostars 

P - 
07-ERE - Desibm Study Overview 312210 I P. Kahn - 33 

? I  I 
+ Potential two- 

baseline  system 

+ External:  promising 

o Internal: good 
potential; not a 
discriminator 
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Space Interferometry Mission (SIM) 
Science Comparison 

Michael Slmo 
S1M Project  Scientist 

3 Rescoped  Options - 
. _  - How they  are  different  (scientifically) 

L Astrometric observations 
- Science throughput 

21 Science with  the  rescoped SIM 

- 
r 

”> - 
c 

.3  - - Science  team  consensus  recommendation 

- Planets 
Deep survey for planets 
Broad survey for  planets 

- Astrophysics 
Galactic 
Extra galactic 

Summary 



Mission Concept Options J P L  

/” SIM Ref Desim 
-Highest  science  output 
*Includes  imaginghulling 
*Best  planet  search  throughput 

SHARED BASELINE 
*Can  do  complete  Deep  Search  and 

Broad  Survey of TPF Targets 
.Can  do  global  astrometry,  with little 

loss from  Ref  design 

PARASIM 
*Can  do  complete  Deep  Search,  and 

partial  Broad  Survey  for  TPF  targets 
-Can  do  global  astrometry at low throughput 

k SONATA 
*Derived  from Keck Architecture 
-Complete  Deep  Search  and 

Broad  Survey  for TPF targets, 
contingent  upon FAME 

-Can not do global  astrometry 

Astrometry with an Interferometer J P L  

telcscops 

external delay 
- internal  delay 

I 

Internal path delay 

Guide  interf 
stablilizes  baseline 

dclny I i w  
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Guide Stars, Grid Stars, Ref Stars 

*Guide  stars  are  used  to  “stabilize”  the  spacecraft  attitude 
*Guide  stars  are  bright 7-8 mag  stars,  need 2 guide  stars 
per  15  deg  diameter  tile 
Active  control to sub  arcsec,  motion  knowledge to uns 

repeatedly  over  the  mission,  whose  positions  will  be  known 
to - 4uas  (pm 2 uas/ur) 
Grid  stars  are  used to determine  the  baseline  vector @ uas’s 
Absolute  orientation of baseline to uas 

*Reference  stars  are  for  narrow  angle  (planets)  only.  At 1 uas,  the 
grid  stars  are  not  known  to  be  stable.  We’ve  adopted  the 
approach  of  using  many (4 per  degree  of  freedom)  ref  stars 
so that  we  can  identify  what  ref  stars  have  no  companions. 
(4  was  picked so that  we  would  end  up  with 2) 

*Grid  stars  are - 12 mag  stars (K giants)  that  are  observed 

H rn 

How SIM  Makes Astrometric MeasurementdI=)( I 
Grid  stars  observed 
tie  to  inertial  frame Repeat  with  baseline - 90 deg  rotated 

30 sec  integration 
15 sec  delayline  slew  to  next 

Guide  interferometer  locked  on  guide  stars 
Science  interferometer  switches  between 
target  and  ref  stars. 

What  we  measure: 

Position  of  target  wrt  the  average 
position  of  the  reference  stars 

Position  of  the  ref  stars  wrt  each 
other. 

30 sec  integration on target, 30 sec  ref  star 
T-Rl-T-R2-T-R3-T-R4-T-R5, repeat  once 

Chop  between  refharget  to  reduce 
thermal  drift  effects. 

I I 08-ERB Science Comparison n=L t I “ I I D I . .  7 7 “ -  7,T.i- 03/22/01 M. Shao - 6 



Parasim Measurements 

Key  differences 
" . " .. . . . ~. " . . ~. . ." . _" .~ . . . . . ~.. 

# Interferometers  Constraints  Measures 
" _. . . . .. . . -~~~ . ~ ~ . .  . "  

H I  

\ \ \ ; \  
"_I___~"_ . . 

PARASIM needs a spacecraft  rnanuewr for ewty new  Target 
. . . . - . .. ". - - - " . . I Ori?iD,\ 

I 

I ,@ Astrometric Measurements with Parasim J p L  I 

-I 

OParasim measures  the  arc  between two stars. 
*Target-reference arc for 8 reference  stars 
-8 Reference-reference  arcs 
*Two  spacecraft  slews  for  every  reference 
star 

*Compared to  shared baseline: 

-Spacecraft slews replace  siderostat and 

-Characterization of ref star 
accelerations 

delay  line slews 

requires arcs between  reference 

no overhead with shared baseline 
stars; 

We do not expect SIM to  be  mechanically  stable at the picometer level 
over hours.  We do even expect the  metrology to be  stable  to  10's  picometers 
over a  period of hours.  If  we  make  differential  measurements on a fast enough 
time scale, we do expect those  differential  measurements  to  be  accurate at  the 
10's picometer level. ,lli:il,r 

\ \ , \ \  

\ I i . \ i W  - 

OR-ERR Science Cornoarison 03/22/01 M. Shao - S 
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I @ The Need for a “Grid” in a Planet Search Jpl I 
i 
I Unkno\\r11 proper motion of the reference stars causes n rotation  ofreference frame 

Results i n  false acceleration of target star 
- - 
2 Effect is duz to fi.:me rotation  combined w i t h  target  proper motion (see  panel helow) 

2 Thls cffzcr can be as large as 4 - I O  uas over a 5 year mission 
.; - Affects  detection of long  period  planets 

/.. - 

J 
c 
- - 

If  proper  motion  of  ref stars is 
,/- known to Imadyear,  and the 

target star moves at 1 adyear, 
~ ~‘L? then  target star appears to 

have 4 uas of non-linear 
motion 

I y‘ versus time 

0 2 4 6 
Time Years 

/ SIM Needs a Grid to Eliminate False a n a  I 
Acceleration AP-. - P 

I C  *The SIM grid  (accurate  to 4 uas  in 
1 1 5  E position and 2 uaslyear  in  proper 
’ 2 A 

motion)  is  more  than  adequate to 
2 

*A  FAME accuracy  grid (50 uaslyear  in ;: - 
eliminate  false  acceleration 

proper  motion) is almost  good  enoug 5 
false  acceleration  from  a FAME grid 

gL would  only  degrade SIM planet  findi 
result  by  a  factor  of  sqrt(2)  to 2 8 a1 r 
*A Hipparcos  accuracy  grid is grossly 
inadequate (20-40~) loss  in  sensitivi 
over  a  SIM-grid. 
*One  of  the  options (SONATA) is B ~ n h  7 myriicct1?Cwr -.....”. 

narrow  angle  only,  can’t  make  its O W I ~ . ~ ~ , ~ ,  . . . . . . . . . . I  . . I . . . . .  . . . . . I -  

grid. Ynrl-M*ol*ns IAU) 

- 

- 

,)-*u.Iy. 
,.y, S M  1 wr - .: , 

0 1  1w 

\ \.\. \ 
<lI.,E8,1\ 
\ b i t * , ,  

08-EREi Science Comparison J P L  i . e c . , . .  “ . , , A -  7#?&F 03/22/01 M. Shao - 10 
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SIM Planet Search Program 

Three key projects were  awarded  time on SlrLl to search for planets around nr;rrby - stars 
One major  part ofthe planet search  program is the search for 3-5 Earth n w s  
planets in the habitable zone arotmd the -250 X. F. (3. K and i\-I s t a n  within 1 D 
parsecs. Deep Search for beach fi.ont prop-@. 

i L  - A second equally important  program \vas to conduct a 

'e4 ' 
- A third equally impoltant part of the planet  search  program is to look for Jupiter & and Saturn mass planets in young stellar systems. Are planets formed then 

cfl systems say about the existence of Earth inass planets in a mature planetary 

Broad Survev of2000 
- Stars within 20 pc  that would place our own solar systcm I n  the contcxt ofplanets 
i n  0111' part ofthe galaxy. The targets are planets with 10 Earth masses i n  the = 

7 habitable zone, Jupiters around stars 500 pc away, planets around stars with 
~ different metallicity, age, nlass, population. 

swallowed LIP'? Are  they formed and ejected? What  is  the origin of the plauets we 
find in the Broad Survey?  What does the presence of nxdtiple Jupiters in young 

system? This is the Younc Stars Planets Program. 
, \  \ \st 0 ,  i..i,,' 
\ 1 1 W 1 1 1 ,  - A -  

OB-ERB Science  Companson - , * I . . , , #  u r . r i T 7  z . 7  
P 

03/22/01 M. Shao - I I 

TPF Targets 

NASA has directed that SIM is to provide  a target list for TPF 
~g .- 

, 'G With 3 uas narrow-angle  accuracy, SIM can perform a near ~ 7 
, n  

! L  - A - complete  survey of stars within 20 PC for: 
- - terrestrial planets down to 15 earth masses in habitable zone 

- - Planetary systems with massive  outer planets that permit 
., Earths in their  habitable  zones 

J 
c .. 
.5) - - - - - 
- x 

With  narrow-angle  accuracy of 1 uas, SIM surveys  all  single A, 
F, G, K and most M stars  within 10 PC for terrestrial planets 
down to 3 earth masses 

4- 7a;Y  03122jOl M. Shao - I2 
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TPF-Centric SIM 

~ Deep Search: earthlike planets within 10 pc 
cl 
,= 1 
71 - there are -250 targets reachable by TPF 
21 

C ' I  - narrow angle accuracy of 1 uas 
2~ 
.? 21 1 Broad Survey: solar  system analogs within 20 pc 
21 - there are -2000 targets reachable by TPF 

I ) !  
.?I - narrow  angle accuracy of 4 uas 
', , 
. I .  
_ I  

Priorities for a TPF-centric SIM mission 
1. Complete Deep  Search (if 1 uas is achieved) 
2. Complete Broad  Survey (or as much of it as possible) 
3. Pursue  astrophysics science programs 

,@ Science Comparison, Allocated Time J p L  

- The  planet  search  program in SIM is 
the  most  important  single  science 

- 
TPF Planets 10% 
Other NA 10% 

~~ "" . ~~~ " . 

- Since  the  release of the AO, the 035% of SIM time is not yet 
project  has  found  that the 20% set allocated 
aside  for  the  grid is conservative  and 
potentially  could  be  cut  by a 
significant  amount.  However for 
comparison  between S1M options 

\ Y \ S \  we've  kept  these  assumptions. 
nrillttr 
> l i \ \ i W  
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Five Key  Questions 

(Backkup)  Science  Comparison J p L  1 
~ current.*iloc~ . s . ~ . ~ . s i  " PARAS,M 

. .. . . -_ . "" . . 

.- 5 Deep Search 89 33 

.4 - Broad S U N ~ ~  890 330 
- .? Young Stars 130 67 36 

other NA 221 114 61 

L 

.II - ". ..~. "" .. I Time  Allocated - CMG's have 400 times  the  torque of the 
2 Deep  Search reaction wheels used in yellow boxes. 
5 Broad Suney  10.30% 

Young Stars 3.70% 
Narrow Ang  Astro 
Wide Ang  Astro 15.00% ' 

- "" . - " ". ." 

.~ "" . . . - ..___ 

. ." . .  "" ~- ~~~.~ "" . " ." 

6.00% 
. -~ . ~ ~. __ "~ 

.~.. ~~.~ . . . ~ ~ ~  - . .. . ". ." . - "" - ". 
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ERB SI" Cost Summary 
Rev 2 for external  release 

Jim  Marr 
SIN Deputy  Project  Manager 

Revised 3 April X01 

Cost Challenges 

Resolve differences between 1P4O Independent Assessment (LA) Independent Cost 
Estimates (ICE'S) and SIM's internal bottoms L I ~  estimate. STATUS: Resolved 
- Found Slbl did not  communicate  its design, acquisition, and buildup process to 

the [A's cost estimators during the IA. 
Fixed: spent the time to msuw all of the cost estimator's  questions (tkw 100 Ilours) 

- Reduced  the differences on the Sihl Reference Design to well  within 20% 
Develop accurate cost estimates for each ofthe SIM mission design options under 
study. STATUS: Complete 
- Used Price H & S cost models to help estimate costs 01' cost deltas for each 

design. Worked closely with iP.40 to ensure full  design  detail  communicated. 
- Using the Price model  results,  veritiisd: - costs for Phase B & C/D - predicted system mass 
- Cost estimates agree with  IPAO ICE'S to  within 10% 
- Difference i n  cost between  the  n1ost  and  least capable designs is $ 4 9 ~ 1  - Cost estimates for all three designs to  meet NASA S930hl cost cap. Status: Achieved 

OKiCi , ,>  
\li.iiW 

, x \ > \  
- Includes Phases BICD costs, launch  vehicle,  and Interferometry Science Center 

09-EF.B - Cost Status (external) JPL -i O I  I # L n I ' . r i r - 7 -  m.7 03/22/01 Jim Marr - 2 



External  Review  Board 
SIM Technology  Development 

Bob Laskin 
SIM Project  Technologist 

22 & 23 March 2001 

I A N A S A  

The technology  challenge 

Status of the  technology 

Roadmap to completion 

Impact of the  new  design options 
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1-a How .Does SIM Do Astrometry? , JIPL I 
for fl (s  = 

dctected 
Intensity 

I SIM Technology Challenges 
P - 

C 
0 
n n 
.- * Picometer knowledge (1  00 pm = diameter of a hydrogen atom) 
._ - Picometer  laser  metrology 
H 

- Picometer starligllt fringe  position nleasurement 
- Data post-processed on ground to achieve  astronletry science > 

a, 

Nanometer  control (7St000 nm =thickness of a hLtman hair) 
- Needed for high SNR fringe => picomztzr fi-inge tneasurement 



Reference Design Astrometric Performance 
-- bnsecl on "today ' s * '  compowizt techwlogy J P L  

I @ SIM Performance Metric -- Progress J P L  
* Calculated  Wide  Angle  based 011 Component  Performance 
* Calculated  Narrow  Angle  based  on  Component  Pertormance 

-1000.0 

2 
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@ Picometer Technology -- Approach 

Dzvelop and test the basic  building blocks 
- hletrology Source -- laser, stabilizer. frequency shifter a n d  nlodulator. libcr 

optic  disuibutlon system 

Test  metrology  gauges  individually  and i n  "optical trusses" 
GI + c 
a, 
- - Test gaugcs "back-to-back" tbr consistency: 3-Gaugc Exprilnenl 
m - Test multiple  gauges i n  a truss geomctry sirnilar to SlLl estcrunl  metrology 
v) 
Q tmss: 6-Gauge Experiment 

I System test metrology  gauges in combination with white light  fringe 
meast1rements -- SIM's basic rneasuretnent technique 
- Microarcsecond Metroloqv (~vLUA-~) Testbed:  single  baseline  Inlcrl'eromcter 

demonstrates  ability to  measure differential positions of stars to 
~nicroarcsecond level across field ofregarcl - Test deformation of "large" optics over milliKelvin  thermal  gradient 

A NASA changes -- Thermal  Optotnechanical (TOMj Testbed 
Origins 
Mission 

IO-ERB-T?ch Developnznt P L  L I I I . # Z .  w . # . t w  I I  s. 
"" ~" 1 2 2  01 R I .nsk,n .  7 

I Picometer Experiment Flow 

._ 
VI 
I I )  

Metrology 
Source 

.- 
2 

2- 

Gauge I I I Pseudostar 

Fringe Tracking 
Camera 

 pointing 

. Siderostat 
White Light -b - pathlength 
Experiment 



J P L  

Corner cube 

A NASA 

Mission 
0Tig,,,5 

< ” -  
Pointing  dimel 

stage 

1 P polzn I I I I  

/L 

Translation 
Stage 

Gauge Electronics 

. .  

Timing 
Board 

Picometer Metrology Gauge 
-- conmxsatin.p for polarization leakage 

“2-Gauge” Esperiment 

Heterodyne Metrology  Gauge 
SIM will  use these gauges to monitor 
relative  motion of optics - Gauge  precision maps directly to 
science  precision: 30 pm <=> 1 L I ~ S  

Recently  demonstrated 50 pm  gauge 
consistency i n  !he ”2-Gauge” 
experiment -- targeting  another  order 
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Beam Launcher Thermal Sensitivity 

" -- Measurement of 'interim' Race-track beam launchers by Peter Halverson. 
VJ ' -- Two  gauges  measure  distance between two comer  cubes,  one  gauge is heated 

while  the  other is held at constant  temperature  (dT << 1 deg). 
-- These  launchers  exhibited 30 p d m k  thermal sensitivity. 
-- Requirement is < 3 pm/mK 

A NASA 
Origicss 
Mission 1 

IO-El<H. Tech D ~ V ~ ~ ~ J X X I I I  P L  L I C I # I I B  w a n r i i 7 7  Z - T  :2?'01 R Laskin - I I 

A NASA 

Then, AL=A@h/4r 

Photo-detector 



I @Proof-of-Concept Experiment 

l @ r  Small Cyclic Error J P L  
* Measured cyclic error to be -20pm RMS 

\ 1 
E , , ~ ~  = d4000pm2 I Hz *O.IHz = ZOpm(RA4S) 

. .  \ 
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1.a Excellent Thermal Stability 

SIM Performance Metric 

.- 

.- I s i  * Calculated  Wide Angle based 011 Component Perfomance - Calculated Narrow Angle based on Component Perfo1mmce 



I @ Beam Launcher Status 

Risley prisms / Breadboard 
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I @ CAD Layout of QP 

1.m Picometer Experiment Flow 

Picometer Gauge 

MAM-I Subsystems 



I White  Light  Experiment -- Status J P L  

I Simplified  representation 
A NASA 

" 1 0 1 1  ,m tarn 1 1 0  ' He-Ne and  White-light on - He-Neand  White-iighton 

separate  detectors CCD I 

I Picorneter Experiment Flow J P L  

Launchers 

MAM-1 Subsystems 
Fringe  Tracking White Light  -b . Pathlength 

-Pointing 

- Siderostat Camera  Experiment - 
bblBS  Optics TOM Testbed 

- Delay Line 
. Metrology 
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Single corner  cube 

Rotation  and 
Translation 

Stage 

,722'01 K . L n a k t n - 2 i  

Picolneter Experiment Flow 

Picometer Gauge 

Average 
Cyclic 

' I  I I I  1 I I  
Pointing 

Launchers 



Microarcsecond Metrology (MA” 1) Testbed J P L  
MAM Vacuum Tank 

I MA” 1 -- Status 
c 
0 
v1 
._ 

H 
2 

a, x 

- Back end of testbed  interferometer  operational in MAM- I vacuum  tank 
- White light experiment 

Inverse  interferometer  pseudostar (IIPS) in assembly  at LM 
Integration  of llPS to MAM- 1 test article to begin  this  spring 
lnterim S A W  will be  ready  by June  (May is target) 
Expect “tirst fringes” this summer 
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1 Picometer Experiment Flow J P L  I 

I L 
Launchers 

MAM-1 Subsystems 

Thermal Optomechanical (TOM) Testbed JPL 

2 TOM Testbed Progress & Plan 135 

Demonstrated ability to accurately 9 
model  temperature  gradient  changes on I30 

SIM-scale  optics (33 cm) -- predictions ' 
good  to  about 20% in the I ~ K  regime I 

* Next  step -- correlate mK temperature f 120 

changes  with pm mirror figure  changes e 

c' 125 

A NASA 
Origms 1 1 5 0 1 2 3 4 5 6 7  
Mission 

IO-ERB -Tech Development P L  L O I I I I I .  * s a r v *  .*7- 
"4 - _. Time (hr) 

. L ~  01 R. Laskin - 25 



Reference beam 

I Nanometer Technology -- Approach J p L  I 
.- S ul Develop  and test the  basic  building  blocks 
ul .- 
H - Optical  delay line 

- Vibration  isolation 
~ Precision  structures  and  rnechanisms I 

P 

- 
9 - Realtime  control  software 
$ - Test stability of precision  structure  under  anticipated  thermal  environment 
a, - Sub-structtwe  Test  Article (SSTA) 
8 System test that components work  together  to  provide  nanometer  stability of 

starlight  fringes  in  response to expected  on-orbit  disturbances 2 -- w: single  baseline  interlerometer  demonstrates: ( I )  ability of glide 

H to-end pertbrlnance of dynamics  control  systems 

C - 

in 

interferometer to  track stellar li-inges  and spots: (3) ability  to  accurately  model end- 

- m: three  baseline  interferometer  with fill1 metrology Irt~ss clemonstwtes: ( I  ) 
ability to stabilize  dim  star  science  fnnges  using  pathlength feedfo~-w~rd: ( 7 )  ability 
to stabilize dim star  science  spots using angle  feedfor\kmxi; ( 3 )  ability  to  integrate 3 

A N A S A  multi-loop  realtime  control systen~ of similar complexity to SIb1.s I Mission 
Origins - STB-3 transfers to RTC suhsystem as,tlight system  development  testbed 

IO-ERB -Tech Ueveloonlrnr PC c . r r n ~ r n * r i i T i 7  iaT&- b 2 2  01 K.  L ~ ; h i o  - .TO I 
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Brassboard Optical Delay Line 

7 c U 

Micro-Precision Interferometer Testbed J P L  I 

m' 
A  NASA 



MPI Optics Boom 

I Progress in Nanometer Stabilization 

1oooo.o 

I el 10194  10191  1W96  10197  lot98 lot99 10100 lOiOl 

A N A S 4  

I 
I 
I 
I 
I 
I 
I 
D 
I 
1 
D 
I 
D 
I 
I 
I 
I 
D 
I 



I ' d l  Soon: 3 baselines on structure 
Begin nanometer active 
control expcrin~ents on 
flexible  structure 
Three baselines, ful l  scale 

SIM System  Testbed  (STB-3) 



If/# 
Pic0 Technology Impacts 

8 
cn a 

There  are  some  discriminators 
-- SONATA does  not  need  absolute  gauge  developlnent 
- SOAMTA needs d e ~ n o ~ ~ ~ ~ ~ ~ r i o n  q f  chopping F.4M in M 4 M - 1  

Considered signiticant threat  to fo~mulation phase schedule & budget 

I A NASA 

1.m Nano Technology Impacts 

Many things  are  common to all options 
- Optical  stabilization  requirements  same  in all designs 
- PSS size and  configuration  very  similar in all designs 

* STB-3 easily  moditled to emulate  Shared  Baseline or ParaSIM 
~ Designs reqttire similar  RTC  functionality  (multi-baseline operation, 

siderostats for acquistion  and  line-of-sight pointing) 
a, 

m a 
There  are  some  discriminators 
- ParaSllvl  may  need a niore  agile  ACS => larger  RWA’s  or CMG’s 

CMG’s would require a different  approach to vibration  attenuation 
STB-3 modifications would result 

- Baseline  attitude  placement  accuracy  requirement  tighter for ParaSlM 
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I@ Overall Technology Impacts I 1 The  design options lead to essentially  the  same  technology 
.- - 
2 de\:elopment  effort as is currently  planned  for  the  reference  design 

- None o f  the options results in  the complete elimination o f 3  testbed or the 
addition o f a  new one 

- 
a, 
't 

- - Cornpal-ing the  options 

C - Validation of the chopping FAM for SONATA is a significant cost and 
d 
(I) 

schedule threat 

- ParaSlM may push the nanometer technology a  little harder 

l,@SIM Performance Metric -- Future Progress Ar=)L I 

I 

.z 1ooo.0 

B 



SIM Project Schedule 

I,@ Technology Assessment 

I 1 We havecomea  long  way 
- Nanometer  technologies  are  nearly in hand 
- Significant  progress  has  been  made in picometer  technology, and 

considerable  momentum  has  been  built 
Closing i n  on  the  elusive  beam  launcher  for  the  picometer  metrology 
gauge -- 0111' last major  conlponent  hurdle 

We still have a ways to go 
- New beam  launchers  must  be  proven to work at SIM forn~ factors 
- Piconleter  system  testbeds are very  challenging 
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I Five Key Questions 
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. 3  SIM-Shared. Baseline Design ? I  
51 

H I  

Outline 

- Introduction 
Design  Description 

I 
- What does it  look  like ... how  does it work 
- Technology  drivers 
- Perforn~ance drivers 
- Redundancy approach 

Test approach 
- flight  system 
- system testbeds (STB3, MAR/I2/3) 

* Calibration approach 

\ v\ .*  
I>,il.i,,r . 
\li.<illll 

A 
JPL , a e x . I ' D  I . I I 7 T - 7  TnTi;' 3/22/01 A. Duncan - 2 1 



Why "Shared Baseline"? 

* Substantially  reduce  external  metrology  parts  count 

5 - * Simpler  external  metrology boom 
I L * Reduce  number of siderostat/gimbal  assemblies  (big  cost  driver for starlight .- 

r. - - subsystem) 
Eliminate  starlight  subsystem  s\vitchynrd (cost and  risk  driver) 

Shared Baseline SIM 

Dcscription 
- Combines the best of Slhl-Classic 

and SIM-SOS into a lower  cost 
design 

- Most similar to Sthi-Classic  design 
Bert understood uf the options - Best performance of the options 

- Best  redundancy  capnbility 
- Provides  descope  options - x EnpineerinFDelta 

- Greatly  reduces  external  nietrology 
boom complexity, and reduces number 
of beams  from 36 to 18 

-- Two Baselines,  one  shared by two 
Guide  Interferometers  and  one  shared 
by two Science Interferometers 

- Two interferometers on a single 
\ \ i \ h \  baseline share siderostat  mirrors  and 
Otiziar . use wide  field-of-view of ThIA  (Three- 
\li.\i<l,, 

hlirror Anastigmat)  telescopes 
I I-ERB: SIM-SBL Design 

Science Capabilitv 
- Retains  Level 1 planet  finding  req'ts 
- Retains  capability  to do the  GRID 
- Retains  Level 1 global astrometry 

capability  requirements 
- Imaging  Demonstration  capability 

Limited C,V point ring 
- No nulling  capability 

A -  
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How 'Does Shared Baseline SIM Work? J P L  

Astrometric  Beam  Combiner  Schematic L-""Lh:.i' 



Shared  Baseline  Design  Detail 
(page 1 of 6) 

Shared  Baseline  Design .Detail 
(page 2 of 6) 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Shared  Baseline  Design  Detail 
(page 3 of 6) J P L  

, - 

\li.'iW, 

1 I-ERB: SIM-SBL Design J P L  L O  e I I , ,  D 1) 1 iiix- 7,7;7 3i2UOI A. Duncan - 10 



Shared  Baseline  Design  Detail 
(page 5 of 6) 

H I  -m' 

Shared  Baseline  Design  Detail 
(page 6 of 6) J P L  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 



Potential  Technology  Drivers J P L  I 
- “Fired”,  Wide Field  of  View Compressors 

- field of  view steering / beannralk ;, - - centered,  internal  racetrack  metrology gauges - Back  to  Back Double  Corner  Cubes 

, >  
- CC fabrication (probably  no) 

- - CC mounting on siderostat  (probably yes) 
- 

- other  alternatives 
c 

- common  siderostat  allows  steering of  both guide stars  line of  sight  (not 
independently) to acquire  one  guide star;  the second  guide  star is acquired by 
optically steering through  the compressor FOV and rotation of the spacecraft 

- connnon  siderostat for science  interferometers is used to  slew  line  of sight  for 
collection  of science  targets in tile (only  one  science interferometer can be 
used; the  other is for  redundancy  only) 

- three mirror anastigmat  compressor  design (TiVIA) 
0.2 degree by 1.5 degree  field of  view (constrained by metrology beam 
clearance requirements) 



Potential  Performance  Drivers mJPL 
External Metrology Truss “Wlultipliers” For  the  More  Compressed 

- - Geometry  (evaluate error  budget impacts) 

., heam launcher design (design trades / analysis  underway) 

.> impact) 

- order correction  with  common  siderostat, if necessary - evaluate error 

- 5 Centered TMA Obscurations / Diffraction / conlpatibility with metrology 

‘E Guide  Star FOV Limitations  (probably no - maybe  some  small  throughput 

* Fised  Guide  Star  Beamwalk Due to Residual  Spacecraft Motion (no - first 
- 
il budget  impacts) - Thermal  (obseryations vs sun  angles; more benign than SIM-Classic due to 

the  substantial  reduction in “exposed” external  metrology) 

Shared  Baseline  Performance Summary J P L  

Reference 
Design 
Shared 
Baseline 

3.87 0.82 

4.77 1 .oo 

1 .I 

I I-ERE% SIM-SBL Design J P L  ‘ l e l l l 8 .  “.,.7““‘ Fa;;- 3/22/01 A. Duncan - 16 
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Effect of Shared  Baseline  Design  Changes 
on Performance J P L  

External  Metrology 
Geometry 

Single-measurement  accuracy 1 81.5 pm 1 96.1 pm 
(due to  this 
effect alone) 

Switch to SAW Metrology  Beam  Walk  factor on 5.0 pmbeam 10.1 pmbeam 
metrology Comer  Cube 

Greater angle 
between siderostat 
and ComDressor 

Metrology  Beam  Walk on Corner 
Cube due to articulation 

Alignment  of  Corner  Cube on 
Siderostat  mirror 

Starlight  Footprint  change on 
Siderostat Mirror 

15.3 pmheam 

45.1 pm/beam 

15.1 pm / sid 

40.5 pm/beam 

87.2 pmlbeam 

52.3 pm I sid 

Effect  of Mirror Coating Unifonity 5.8 pm I sid 15.8 pm kid  

Larger  Central Erightness-dependent  fringe 
Obscuration measurement  error 

Thermal  Issues  Summary 

Thermal environnlent 
expected to be more benign 
than SIM-Classic 
- no long external 

metrology  boom  with 
metrology  launchers, 
associated mechanisrns & 
electronics 

Sun exclusion  angle  study 
- analysis  underway 
- first iteration of 

configuration 
optimization complete 

thermal  model analysis 
- will  provide inputs  to 

\ 



Shared  Baseline  Redundancy  Approach 

Science  Interferometer I or 2 Fails I ;  - use other science interferometer I 
G L - Guide  Interferonleter I or  2 Fails 
5.1 - science interferometers become  the  guide interferometers (science 

interferometer  cannot  share a common siderostat with a  guide - 8  
> I  

.; 1 

.‘L- - 
3 ~ interferometer) 

- 1  
_ I  

SI  - remaining  guide  interferometer becomes the science interferometer 21 
Common  Siderostat Fails 

“fixed” siderostat  must be associated with the  guide  star  pair  (reduced 
science throughput  due  to  additional  spacecraft  maneuvers  to  find  guide 
stars) 

:H - Shared Baseline  can operate in a  “ParaSIM”  mode  (constrained to a  plane) with 
r,n nlultiple  failures 

Flight System  Test  Objectives J P L  I 
Functional  Tests 

. -  5 - Environmental  Tests 

.- f e Dynanlics & Control (D&C) Tests  (nanometer-level  tests) 

- - real  time  control loops (pathlength  and  angle  stabilization  and feed forward) 

- - - white  light fringe position 

x - science  interferometer baseline  rotations  (pathlength  information feed 

”, - - - 
. 2 u - Astrometric  Tests (picometer-level  tests) 
L 

- 
J 

c 
- internal  path  length  difference 

forward  from  guide  star  interferometers  to  the science interferometer) 
- repeatability and  calibration  validation 

1 I - E R B :  SIM-SBL Design - , * < * * I , *  * . . 1 ! 1  7,t;;- 
. ”_ 3/22/01 A. Duncan - 20 
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Pseudostar  Approaches 

Two inverse 
Interferometer 
Pseudostar -. -. -. -" Science 

--. _""__"""""_,""""". 

"""""""""""""""" 

Guide 
Interierometers 

Three Inverse 
Interferometer 
Pseudostar 

Science 
lnterierometers 

" 
"" 

" -" " 

"" 

Guide - 
Interferometers 

Trade Space Options 

3 

R - 

nanometer IBT picometer IBT nanometer picometer 
options approach approach system  testbed  system  testbed 

2 inverse 2 inverse 
interferometer interferometer 

3 inverse 
interferometer 2 inverse 
pseudostar interferometer 

1 pseudostar  pseudostar STB3 MAM2 

2 (nanometer only) pseudostar STBJ MAM2 
3 inverse 
interferometer 2 inverse 
pseudostar interferometer 

3 (nanometer only) pseudostar STBJ  non-planar MAM3 

3 inverse 3 inverse 
interferometer interferometer 

4 pseudostar  pseudostar STB3  non-planar MAM3 



Trade  Space  Options 

Option 1 : (two interferometer  astrometric  and D&C test, MAM2, STB3) - - simplest flight system  test option with a common 2 interferometer 
- 
I 

. _  
.r. /- pseudostar for D&C and  picometer  testing 
5' Option  2: (two interferometer  astrometric test, full three  interferometer D&C 
- test, MAM2, STB3) 

- D&C 
2 Option 3: (two interferometer  astrometric test, full three  interferometer D&C 

- full three interferometer flight system testbed, but still only iwo 

- ability  to  validate two interferometer  astrometric  test with a three 

- 
- requires  additional  interferometer (nanometer level requriements  only)  for - - 

(I: test, non-planar MAM3, STB3) 

interferometer  astrometric  test 

interferometer system testbed 
Option 4: (three interferometer  astrometric  and D&C test, non-planar MAM3, 
STB3) 

Otitill' 

\ v \s\ - full three interferometer  system  testbed  and flight system tests 

Options  Ranking 
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I 
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I 
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Risk Assessment 

Flight System  Test  Summary J P L  I 
Combined  flight  system test approach / system testbed  approach  trade performed I .: 

5 Trade  options  evaluated vs cost, implementation  risk, and  performance risk 

5 Two preferred  options selected for  further  study 
I 

._ 

r. - MAIM 2 (picometer  testbed), STB 3 (nanometer testbed), two inverse 
interferometer  astrometric flight  system test, (9: three  inverse interferometer 
dynamics  and  control  flight  system test 

- MAM 3 (picometer testbed), STB 3 (nanometer testbed), two inverse 
c interferometer astrometric  tlight system test, (9: three  inverse interferometer 

dynanlics  and  control flight  system  test 
For both options  the  performance risk (on orbit) due to  the  lack o f a  full, three 
inverse interferometer  pseudostar  tlight system test is mitigated  by the ability  to 
perform the  science in a reduced  throughput  mode with  only two  interferometers 
(one  guide  star interferometer and  one  science interferometer) constrained  to 
operate in a planar  configuration 



Calibration Approach 

I 
i * SIM is not  an  ideal  interferometer.  Many  nanometer-class effects are present: I 

~- Diffraction:  difference in  path  between starlight, metrology, and a ray 
passing  through  the s>stem. 

- Polarization: mostly  in metrology,  false  pathlength  reading t h e  to 
polarization  changes as corner  cubes  articulate 

- Beam  Walk:  tilt ofsiderostats,  dihedral  errors  on  rotating  corner  cubes 
- Time-dependent  terms:  beam  walk,  changing  optical  figure,  other. 

P I  
% I  

- These arc specified i n  the error budget  to  remain  below  sonle tolerable level. 
Errnr budget  allows: 
- - 200 pm r.m.s. for  uncalibrated  errors in wide-angle astrometry. 
- - 10 pm  r.m.s. tor  uncalibrated  systematic  errors in narrow-angle 

astrometry. - Calibration is a  critical  fu~lction  and two complementary  approaches  are being 
evaluated in parallel: 

-. External:  looking at  stars 
- Internal:  derived  from  on-board light  sources and  redundancy o!i:"'\ 

Y \i,\ 

Calibration  Function 

delay = <b,s> + c + 11 
c = c(u,v) = systematic delay emor = calibration  function 
11 = noise 

Non-linear portion of "true" calibration function 
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External Calibration 

Observe a field of stars, determine calibration using the instrument more-or-less 
- - as it is used to  make standard observations. 

. ? '  - ,  Technique: 
Li 

- ,  31 

2'1 - Canting/rolling: ohserve the difference in position of  the  stars  at two - = '  different  s/c  orientations. 
Inscnsitive to true star positions  at 2 mas. - 

5 Wide-angle: 
il 

x c - The calibration techniques on  a single  tile (15 deg) do  not  identify baseline 
orientation and length.  This conm from grid measurements. 

Xarrow angle: 
- No significant contribution to measured calibration function from length and 

orientation. 

Internal  Calibration 

I. 

C(u,v) is caused by articulation in three and  only 3 imperfect optical elements 
- (2) Siderostats (and CC embedded in siderostat) 
- (1 )  Delay line 

lnternal sources  and sensors are built  into SliM for on orbit internal cal. 
- Siderostat retro-mode calibrates diffraction  and internal-path beam walk. - Measures  difference  between  full-aperture  beam  and  metrology beant. 

- External metrology redundancy calibrates polarization and  corner  cube 
dihedral effects. - 4 beams  incideut  on  articulating  corner  cube, these beams  allow  determination of 

polarization and  dihedral  parameters. 

Advantage of internal calibration 
- No shot noise 
- Faster calibration allowing more  frequent calibration cycles. 

Validation 
- Internal calibration is validated by observing a field of stars  at different 

orientations and obtaining the same relative star separations. 



Calibration  Summary 

- External  Calibration 
- - We have  a good understanding of  how to  calibrate  the delay ~neasure~nents $ 1  within  a tile. 
- S ’  
/ .  - We still  have  to prove  that we can  calibrate  the baseline orientation in 
- different tiles. 
- - - Our conclusions are predicated on nlodeling of the  diffraction  and  other 
- effects. 
g 

? 

- 
- - 
c 

- Our teslbed program is needed to verify the models. 
x Internal  Calibration 

1 - The sources  and  sensors  for  on  orbit  internal  calibration  are designed  into 

& I  Slicl. 

;=r.zsq - Validation of internal  calibration can be  performed in the technology 
-r program, (k1.4M-I, MAM-2/3) as well as on  the SlM flight  hardware. 

Shared  Baseline Summary 

Wlasimun~ science 
- best throughput  for  planet  finding .- 

I - retains wide angle  astrometry I Simpler / less risk  than SIM-Classic 
- less metrology 
- no  switchyard 
- fewer  deployments (PSS SI. nwtrology  boom) 
- no  metrology  kite 

w-1. Minimal  new technology  to  be demonstrated 
1 -  End  to  end two interferometer  flight system astronwtric  performance  test now ’ possible  (single interferometer only test  proposed  for  SIM-Classic) 

I I  I *  Significant  progress  understanding  internal  and  esternal  calibration  approaehes 

I 
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External  Review  Board 
SIM Risk & Reliability Assessment 

22 & 23 March 2001 

Risk/Rcliability;Redundancy Assessment Team 

- lirn Amett 

- John Walker 
- Kim Aaron 
- George Fox 
- Peter Kahn 
- Michael Wehner 

- - 
12-ERB - RiskReliabiliW "I. r . . . , .  " . . 1 1 1 /  =;>- 3/22/01 J. Arncft - I 

Risk Management  Overview JPL 1 
I I * Slhl Risk Management  Approach I 

~ Sinyle Point  Failure  Policy  applied  across  design  processes 
- Risk  blanagement  Plan  Preliminary  Release: 03/06/2000 
.- Sigrlifjcant Risk List  Development 

* Riskldeutification Cheek List Developed 
Project Level initial set of risks identified and rated 
Preliminary Risk Identification vorlishops for design options held wi th  Subsystem 
LeaddYroject Element Alauagers 

~ Risk  Mitigation  Planning 

Design  Concepts  Redundaocy/Reliability Assessment Approach 

Complesity/Risk  Reduction  Features of Shared  Baseline I 'w 1 1.4 Team Reference  DesignRisk  Assessment Issues Y S .  Slrared  Baseline I 
* Reliability Models for  SB & ParaSlM 

I :-i Key  Question #2 answered 

* * Backup  charts  include 11% summary  and  reliability model details 



ReliabilityiRedundancy  Approach JPL I 
Some SPF exemptions  identified 

-- Common:  Structure,  Solar  Array,  High  Gain  Antenna 
- Design-Specific:  Metrolog) Boom (SB), Sid Mirrors  (SB),  Corner  Cubes  (Sonata) 

highest  possible  reliability  within  project  resources  by  elimination of causer of failure b :wd 

* Specific  attention rvrt reliabilitviredund~~~~cy issues  given to Concernr/lssues identilied b) 
the SASA Independent  Assessment  Team \\it11 ma,jor items  addressed by new  designs 

* Block redundancy has  been  assumed  for  Design  Variation  costing  studies 
- “Blocks”  are at  highest  level  (e+.  interferometer) - Lower level inter.dcpendeneies to be :Ippr.oached later 
- Other  functional,  reliability  approaches will  be  invectigated 

* Ma) lead to variations on selected design optiun 

Risk  Management  Approach  is  being  applied to the  selected design 
‘: . - Significant  Risk  List  defines  risk  sonrcc,  likelihood of occurrence.  consequences 

~- ~ - Probabilistic  Risk  Analysis (PRA) Fault Tree  Analysis  and FMECAs will support 

-- Preliminary  Reliability  Models  already  being  developed for SB & Parasim 
- Use of functional vs. block redundancy will be evaluated lor selected  design 

’ identification of sources of risk and potential  failure modes 

SIM Risk Identification & Ranking Checklist JPL~ 

- Programmatic  considerations 
* e.g. Launch  vehicle  availability,  other  Programs’  results  or  failures 

- Political  considerations 
e.g. Changes in YUASA budgets,  Level of Advocacy  maintained 

- Technical 8r development  considerations - e.$.  Technology  not  ready?,  Software  development problenls, testbed  failures 

- Mission Risks 
e.g.,What  can go  wrong in flight?, DSlV impacts,  on-orbit  calibration,  descopes 

Risk  ratings  defined: 
- Likelihood:  Negligible, Low, Significant,  High 
- Consequences(1mpacts):  Negligible, Low, Significant,  High 

- - Mitigation  recommendation development/iluplemel~tation process i n  place 
Tracking: On-line Significant  Risk  List Tool 
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Mitigation  of  Reference  Design  Risks by New  Design  Concepts JPL I 
It"---- - 

Features  that  reduce  risk 
- Monolithic Structure  for all designs 

I 5 :  Eliminates  Deployment concerns 
Eliminates  nlicrodynamics  concerns  with  hinges  and  latches 

- External  Metrology  reduction  for a11 designs - Signilicantl?  reduces  complexity by eliminating  klctrology  Kite 
- Beam launchers, mK Thermal.  Deployments.  iMech:cnisms,  etc. - Room  Simplified  (Sllared  Baseline) 
- 1.0 Wl \I. Y hleter with 1 arms 
- Single deployment - Room elimirmted (ParaSIM and Sonata) 

- Significant  reduction in total #'s of mechanisms 
- Sinlplitied  Optics - On-axis TMA design  with  Flight  heritage 

Fewer  Sidelascats  in all designs 
* Switchysrd  elimination 

- On-Orbit  Graceful  Degradation  for  each design provided 
- Shuttle  Launch  more  benign environment/Availabilit~ highly likely 

Design  Concept  Features  Stili  Requiring  Risk  Mitigation JPL I 
Some  Features  that w i l l  require  special  attention to reduce  risk: 
- Shared  Siderostats - Common  to  two iaterkrometers - Some  electronic  and/or  electromechanical  failure  modes create SB SPF 

Careful design ofFault Containment  regions  help  mitigate  risk & reduce 
complexity 

- Front-Back  Double  Corner  Cubes  with  Cutouts - Mounting  to  Siderostat B Knowledge of vertex 
- Plan  to address in WIAM-2 



NASA Independent Assessment Team Risk Items J p L  
R: Open Issues Addressed I 

I 
i 1A Final Report identified 40 Risk issues I . b :  - Prqject has completed responses and closurcs to 37 Risk  issues 

.G 1 IA Team spccitkally identified 1 1 ke\. design & requiremcnt relared risks i n  the 
= I  
@ 

? I  following areas: 
E~ 
e - Imaging requirements 
- - Complexity of the Switchyard 
D - External Boom/metrology risks 

$1 

P :  
- Nulling requirements 

- - 
i 

m 
i ) !  

- Effccts of Beam  Walk 011 hletrology 
New design concepts eliminated or mitigated all of these 1 I & risks 
- See risk issues now hi-lightzd as CilIEE\ i n  following charts 

e. Project provided responses including analysis, planning or Req'ts changes  that  closed 
..1 26 other issues  with forward action ( Hi-lighted as BLUE in following charts) 

IA team is reviewing the Design  Concepts to develop revised indcpendent risk 
assessment ofSIb1 Project's recornmended design option and risk mitigation 

Initial IA Team Risk Rating  Issues 
for Reference  Design 

JPL I 
L: Low - 

Conversion table for risk ratings 
C - H: High - 10 
.- - H: Moderate - 19 
.- 
(0 

1 1  

1 2 3 4 5  
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Original IA Risk Issues for  Reference  Design JPL 
! Addressed by Design Concepts - High Risk - - 

I I  I 

Addressed bv Design  Concepts - Moderate Risk I Original IA Risk  Issues  for  Reference  Design J p L  



Original IA Risk Issues for Reference Design 
Addressed by Design Concepts - Low Risk 

JPL I 
- - - 

I Risk Item I LXC I Status 1 

Original IA Risk Issues for Reference  Design JpL I 
Addressed by Design Concepts - Low Risk 

I Risk Item I LXC I 

. .  . - , 
12-ERB - Risk/Reliabilitv Jpc ' O l , " , . D  " . . , i C 7 -  
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Proposed Project Changes to IA Ratings J p L  I 
Based on Design Concepts & Planned Mitigation 

Remaining risk issues: 
- H: High - 3 

0 .- n n .- - M: Moderate - 1 

1 2 3 4 5  

Likelihood 

Mission Reliability Modeling Approach JPL 1 
I I FOCLIS only  on  elements  that  are  different for the  two  preferred  designs I 

I 
Represent  both  designs as combinations ofthe following seven  blocks: 
- Metrology  Sources,  Beam  Combiners,  Pallet  Articulation  Mechanisms. 

Telescopes,  Siderostats,  Beam  Launchers,  Front-End  Electronics. 
Specify  distribution fhctiont for probability  that  each  block fails at some point 
during  the mission. 
Specify  logical  dependences  between  blocks for each  system  design. 
Use  distribution  functions  to  construct a set of goino-go  outcomes  for  each  block & 

Q ln use  dependencies  to  infer  corresponding  outcome for the two system desips. I 
Repeat  many  times (20,000 samples here) 
Use outcome statistics to  compute  system  failure  probabilities 

-. Evaluate  sensitivity of System  Level  failure  probabilities  to  component  failure 







JPL I 

Backup Charts 

IA Risk Assessment & Findings Process 

Findings JPL I 
IA findings coniprise: 

C - Overall assessment of the state of the project 
In - - Specitic issues that require Project action 
0 

3 

a, 
>. 
i - - Independent cost estimates 

All findings discussed with the Project 
22 - Watch Fonm, TIMs, presentations 
- Program-level risk assessment based on: 
t ... 
C 

0 
(I) 

- Comparison  to state-of-the-art 
Number  ofeuehling technolug~es required - How far  beyond state-of-the-art 

- Comparison to other  Space Science programs 
Technology maturity 
Design,  integration and test  complexity ’ 

-* Combination of likelihood that desired perfommance, cost, or schedules w i l l  be 
achieved and impact of not achieving them 
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~ - Concerns  where 1 4  Team  reconlmends actions in addition, or contrary, to 
._  SI 

r - Documented  and tracked via  "watch fomis" 

e - Requirements 
t, I - Technology 
a, 

- Project klanagement E 

- Design, Development, Test. and Evaluation (DDTGE) 

planned actions n n 

5 
? Groupcd into 1 catcgorics 

- 

- .. 

- 
i - 
m 

Likelihood and consequence of each issue rated 
- Utilized a modified hazard analysis technique 

. Assessed likelihood rhat each issue w ~ l l  be realized 
*' . - Characterized  consequellce as technology immaturity, design  modification,  process I 

.I ., change, and/or cost impact 

Converted ratings to one dimension  to capture risk  "magnitude" 

IA Team Risk Ratings for Reference Design  Issues 

c 
0 
E 
P 

LIKELIHOOD 
R.tiw: 
5) Certain 
4) Extremely likely 
3) Likely 
2) Unlikely 
1) Errremcly unlikely 

. .  . .. . 
12-ERB - RisklReliability S L  , * L e , ,  , D Y 1 .  ,i&--~?;;* 3/22/01 J. Amen - 22 1 



IA Team Risk Ratings for Reference  Design Issues JPL I 
I '  

CONSEQUENCE - DESIGN 
m: What  is  the eonrequcnce of not rddrnsine fhc  stated  issue'! 

r 

4) Major rcdcsign  required  Can no1 meet mission  requiremenls, major rrdnign requircd . _  
5)  Unscrcptahlc  Can not meel mission  requircmenls,  and no alternative  mist 

e 3) Moderate  redesign  required  Can mot meet  mission  requirements,  moderatc  redesign  required 

... I )  Minimal impact 

"7 CONSEQUENCE - PROCESS 
r RPrine: What  is  the c.onse~w~nce of  maintainine  the current proeeW? 

0 
in 

2) Minor redesgn required May not meet mission  rrquircmunts,  minor rednign required 
Rrquirrmmls met, hut issue may produce  somedegradation 

). 

g 

- 2 ~ 5)  Unseeeptable 

Y 
Current  process can not nrcomplirh  the  intended gods. 

4) Significant  difflrullier  Current proem will lead IO diflirulty  in  accomplishing  the  intended gonlr. 
3) Moderate difficulties Currenl proces will  lead ID some difficulty  in  sccamplirhing the intended goals. 
2) Minardiflicultier Currentproeeanill lead to minardifliculty  inrrcomplishingthc intrndedgorlr 
I )  Minimal Impact Currcnt  process  will  have no appreciable  impacl. 

m 

CONSEQUENCE.  COST 

5) Unacceptable 
What is the eonrequencc of not addressing  tho stattd isrue'! 
Budget  increase > 25% 
Budget  increase,  15% 
Budget  increase> 10% 
Budge( increase > 5% 

I )  No appraiable impsct  Budget  increase C 5% 

3/22/01 J. Ameli - 23 

IA Risk Summary (LxC) Chart JPL 
Conversion table for risk ratings 

c -- H: High 
- - M: Moderate 
0 . _  
in 
in 

1 2 3 4 5  
Likelihood 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

JPL I 

Mission Reliability  Model/Analysis 

BACKUP CHARTS 

i 

Mission Reliability Modeling ,4pproach JPL I 
Represent  both  designs as combinations of the followillg seven blocks: 
- Metrology Sources, Beam  Combiners,  Pallet  Articulation  Mechanisms, 

Telescopes,  Sidzrostats,  Beam  Latlnchers,  Front-End  Electronics. 
Specify  distribution  functioni-  for  probability  that  each  block fails at some point 
during the mission. 
Specify  logical  dependences  between blocks for  each system design. 

Repeat many times (20,000 samples  here) 
Use outcome statistics to  compute  system  failure  probabilities 

e., Evaluate  sensitivity of System  Level  failure  probabilities to component 



Assumptions Common to Both Designs JPL I 
No sigoiticant  discriminators  in Spsx ra f i  or Vetrology Source 
Beam Combiner  modeled  as a single  block 

I 
Failure probability of each  block  is  the unle  i n  both  dzsigns. 
Sidcrostats  are  mounted  on 2 art~cdated pallets: 1 R: 2. 

Mission  Success => (X1 .OR. X:) .AND. (Y I .OR. Y2) = GOOD 
c Each  pallet has two rotxional dcgrees of freedom: X and Y 

C In each  Siderostat Bay, "Front End Electronics" (ilo, power R: cablinz) is i n  series 
with  local  Siderostat,  Telescope,  Beam  Launcher(s),  Pallet  Actuator 

a 

Assunlptions for Shared Baseline JPL I 
I 1 - 4 Siderostats: 2 per  pallet I 

8 Telescopes: 2 per  Siderostat: 
Siderostat  BAD => both  associated  telescopes BAD 

I g. - 4 Beam Combiners: 1 per left-right telescope pair 
2 I 

4 Baselines:  Beam  Combiner .AND. Telescope  Pair 
Beam  Combiner or either  Telescope BAD => associated  Baseline BAD 

5 

I i  - 18 Beam  Launchers: 2 on each  edge of pyramid + 2 on one base  diagonal 
Metrology  System  Working => At  least one Launcher  on  each  edge is working. I 

m 4 hltel-ferometers:  Baseline .AND. Metrology  System 
Metrology  System BAD => a l l  4 Interferometers BAD - Working  Instrunlent => At least 3 Interferometers are GOOD 

I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
1 
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shared baseline block diagram JPL I 

Share-d.Baseline Model JPL I 

ParaSim Shard  

4 PalktAetuator 

Beam Combmcr 

Beam Launch er 

Front- End Electr onics 



Reliability Model  for Shared  Baseline Sensitivity J p L  I 
" - ~ .. 

Shared Baseline SIM to Single Failures 
I 

- 
Workma Paiiet  Svstem I 

i 
I 

c 

Interferometer A 

................................ 0 
n 
22 
- Interferometer B 

x 

#2 
.:.. Interferometer C n 

.......... Ideri~ometfx.D----- 
I 
m 

Wohing Instrument: 
3 of 4 Interferometers Working 

Fault  Containment 
Region 

Assumptions for ParaSIM JPL I 
6 Siderostats: 3 per pallet. 
6 Telescopes: 1 per  Siderostat: 
Siderostat BAD => associated  telescope  BAD 
3 Beam Combiners: 1 per left-right telescope  pair 
3 Baselines:  Beam  Combiner AND. Tclescope  Pair 
Beam Combiner or either  Telescope BAD =>Baseline BAD 
10 Beam  Latmchers 
I3 Metrology  Sets:  any of the following  three  minimal sets .OR. any  set in which  only 
one launcher  has  failed 

AB  BC AC 

w. . " \I. - .  3 possible Interferometer Pairs: AB,  BC, AC 
Interferometer  Pair = 2 Baselines  .AND.  Metrology  Set 

/. Working  tnstrument => at least one Interferometer  Pair  is  GOOD 
1 * 1 * " , . 0  "".,,- 5;3w 3/22/01 J. Arnelt - 32 f 
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ParaSIM block diagram JPL 1 
c J 

J 

ParaSIM Model JPL~ 
I 

r a n m  Shared 
Bar ellne 

4 PalktAnuaror 4 4 

B e m  Combiner 3 4 

6 8  

6 4  

Beam Launch er 10 18 

Frm &End Electronics 



Reliability Model for ParaSIM Sensitivity J P L  
1 Parasim to Single Failures 

1 ,  P 

Working  Pallet System I 

AhC 
II 

I 
Working Insbument: 

2 of 3 Worbng  Interferometers 

I @  Sensitivity of System Reliability to Component Reliability JPL 

Monte Cru-lo Tool was  used to assess sensitivity of System  Failure  probability to each 
block failure probability for a l l  six blocks i n  both designs. 

0 
; System Failure  probability was computed  with  each  block failure probability at six 
I discrete values while block failure probability for the other j blocks was set to zero. 

z 
x - 
2 
3 

G 
c - - 
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Shared Baseline Model Example Analysis JPL I 
l i  snareTtKseilne 3 7  

1 
sampie "slues 
lor ItIuEtralo" 

Working Pallet  System onhl 

.- 
Interferometer A 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Interferometer B 

... 

Note:  pFail represents  the  pmbability lhal 
the  block wbll fail a1 some  pint dunw the 
mission. These are mmlnal  vaiues 
chosen purely to  provide a  starting  point 
for  analyzing the sensitivity of Parasim 
and Shared  Baseline to the  reliainlity d 
each block. 

:,'interferometer c 

. . . . . . . . Rterferometec-D-. 
3 

In this particular  trial,  Siderostat #2 has  failed 

Working  Instrument: 

ParaSim Model Example Analysis JPL I 
sample I 

Fault  Conlainmen1 
Region 

Note: pFail  represents the probability  that 
the  block will fail at  some point duriq the 
mission. These are  mminai  values 
chosen p u d y  to prwide a startmg point 
for anaiyzmg the sensitivw d Parasim 
and  Shared  Baseline lo the  rellablihl d 

AIC 1 \O 1 I \  = 
In this particular  trial, this Beam  Combiner  has  failed => both ABB I 

WoMng Instrument: This Launcher has  also  failed, so the  minimal set of 7 Launchers  for 
\ and BciC are BAD. 

2 of 3 Worklng  interferome(ets is BAD. I 
However, 9 Caunchers are GOOD, so the MET system is GOOD. 

-IpL L O  t I , ,  , * I , ,  77"- 7,t.i- 3/22/01 J. Arnett - 38 



Sensitivity Analysis 

0." 

Reliabiliry Block Sensitivity of System pFail to Block pFail 1 PI,. IFront End Electronics I Pamdrn 
'I' 

""" 

i I 

JPL 
Front-End Eleclmnlcs 

pFail Parasm Shared Baselhe 
0 0.00000 0.00000 

0 00015 0.00000 0.00030 
0.0003 0.00000 
0 . W 6  O.MM00 0.00265 

0.00100 

0.003 0.00000 
003 0.01195 0.11490 

0.01070 

- 
pFail(SyYen) 

Pallet  A~icUlalmn  Mechansrn 

?Fail Param Shared Baseline 
0 0.00000 

0.00025 0 . O W  
0.oOMx) 

0.0005 0.WOMl 
0.00000 

0.001 O . W O 5  
0 00005 

0.005 0.00000 
O . w o 0 0  

0.05 0.00500 
0 00m 
0 00460 

pFad(Sys1em) 

Saemlat 

pFad Parasom Shared Baseline 
0 0.00000 0.00000 

0.0005 O.WO0 0.00180 

0.002 0.00015 0.W845 
0.001 0.0oow 0.w420 

0.01 0.00105 0.03885 
0.05 0.02570 0.18210 

pFad(Syrtam) 

Sensitivity  Analysis (Cont) JPL 

0.03 0 .01W 0.01940 
0.05 0.02555 0.05025 I 

pFail  Parasim Shared Baseline 
n o m  0 . O O W  

pFall(Sys1em) 

. . . . . . . 
0.001 0 . W 5  
0.005 0 .W70  0.00020 

0 . 0 m  

0.01 0.00170 0.00095 
0.02 0.w800 0.00380 
0.05 0.04515 0.02330 

~ ~~ 

I I  I I 
Beam Combiner 

pFaii Palilsim  Shared E m s e l i n e  

0.003 O.OM)10 0.00005 
0 o.wo00 0.00m 

pFa#l(System) 
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- h - External  Review  Board 

- $ 
and  Characterization - 

Extra-Solar Planets: Discover,  Diversity, 
- - 

S. R. Kulkarni 
California Institute of Technology 

23 March 2001 

.@Current Situation: We Know Planets Exist JPL 
1. Earth  mass  planets  exist. 

'r 
.- - 
L 

Earths,  Moon,  and  Asteroids  around 

>, PSR 1257+12 - - 
J 
E - 

. L )  : - 2. Jupiter-mass  objects  around  at  least - 
0 7% of  nearby  Sun-like  stars. - - 7 .  
"" HD 209458 Occultation --> Jupiter  size 

3. Mass  spectrum  of  brown  dwarfs 

continues  into  the  planetary  regime. 

O l i t i l l i  

\ Y \ S \  

\ ~ i ~ ~ ~ ~ ~ ~ ~  In  all  cases,  location  and  inferred  masses in 



Grev Clouds on the Horizon 
- 
- 
2 

2 1. 47 Tuc:  Deficit of RV Planets 
>. - - 
$ 1  - 34000 stars  surveyed 

- Expected 17 inner  giants 

Crowded  Neighborhood  Dramatically  Affected  Evolution 

I ;:$; 2. Absence of planets  around  other  millisecond  pulsars. 

I 

What's Next? 

a.  Understand  Planet  Formation  and  Evolution  in  its  entirety 

- Establish  Incidence  and  Diversity of Extra-solar  planets 
- Understand  Evolution  of  Planetary  Systems 
- Map  the  Architecture of Planetary  Systems 

- A prelude  and  a  complement to TPF 

e  can  entertain two hypothesis: 

\ b. Planets  are  rare 
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How Do We Make Progress Beyond 

- A comprehensive  search  of  thousands  of  nearby  stars  (young stars, 
differing  metallicity,  binary  stars,  and  white  dwarfs) 

--> a  broad  survey  with  high  precision 

- Intensive  observations  of 250 stars  optimized  for  Earth  detections 

--> a  deep  search  with  extreme  precision 

I Masses and Outer Planets J P L  I 
.- 

5 Masses -- A fundamental  parameter 81 - Needed  for  quantitative  progress 

- 
L) - 
S Outer  Planets -- Hard  to  find  with RV techniques. - 
J - May  play  a  significant  role  in  the  evolution  of  inner  planets = 
W $ I M  can  measure  masses  down  to  a  few  earth  masses I 

IM  has  unique  sensitivity  to  outer  planets  (enhanced  with  a  10-year 



Why is SIM unique? 

I 
No other  mission  has 

the  mass  sensitivity of SIM 

- the  target  throughput of SIM I ' - the  ability  to  measure  unambiguous  masses 

- the  precision to measure  orbital  parameters 

I ' - the  sensitivity  to  outer  planets 

I 

What should SIM retain? J P L  I 
Mass  sensitivity 

. D  - high  target  throughput 

- broad  survey of -2000 nearby  stars 

r w  ' I L  - deep  survey of -250 nearby  stars 

fidelity  in  measuring  accelerations 

E 7 1  - this  needs  wide  angle  astrometry 
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SIM and Other Missions JPL I 
= I  

.- FAME -- high  throughput,  low  sensitivity 
i 

- 
L 

Microlensing -- limited  choice  of  targets,  no  follow  up 
i. 

- 

~~ 

2 Keck  Interferometer -- a  highly  restricted  target  list 

GAIA -- Very  high  throughput,  moderate  sensitivity 

- poor  visit  frequency 

Kepler -- high  target  throughput,  complementary  to SIM (size) 

- but  follow  up is highly  limited 

- target  diversity is limited  (c.f  Young  stars) H 

..\ \ \$.\ - outer  planets  (Jupiters, >3AU at 1Opc) 

ECLPSE -- highly  complementary  to  SIM 

Oririm 
\li\,i*l,,  - size  but  no  masses 

SIM and TPF 

SIM  is  complementary  to  TPF. 

SIM  measures  masses. No other  mission  can do this. 

- TPF  measures  sizes  (albedo). 

"1 - SIM has no risk with  zodiacal  dust. 

1 & I - SIM serves  as  pathfinder  to  TPF. 
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External  Review  Board 
The SIM Planet Program 

22 March 200 1 

, I I , . , , I  ".in 

Current  Knowledge of J P L  
a a s o l a r  Planets 



O D i ! j " i  
\li.\ilDl> Orbital Semimajor Axis (AU) 
P - 

ICERB -The SLM Planet Program n L I I 1 l l , ,  ...r;rf =>- 3/22/01 G. Marcy - 3 
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Eccentricities J P L  I 
I /  Orbits of Extrasolar Planets I 

-2 0 2 
Distance (Earth-Sun Units) 

Planetary  System  Architecture 



Planetary  Characterization: 
IJniaus Contributions of SIM 

I \ \ \ ; \  I 

Tier 1 
1 uas mecision J P L  I 

I 1  Detection of terrestrial planets  around < 5pc stars 
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Long Orbital  Periods I 

Tier 2 
4 uas Precision 

Detection of terrestrial  planets  around -1Opc stars I 



Tau Ceti: A Silnulation 

10 -5  0 5 10 
DEC (pas)  

Investigate  Co-planarity of Doppler- Detected 
Multiple  Systems 

Upsilon Andromedae $lrnulation 
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I @  Discovery Space for Extrasolar Planets JPL I 

I 15 

CMD of 100 SIM Tier 1 Stars J P L  

1- I I I 

I 
c 
I 

I .  I .  u..,;. 



TITLE‘? 



I 
I 
I 
I 
I 
I 
E 
I 
I 
I 
I 
I 
I 
I 
I 

II 
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ERB Question 
Planets Everywhere J P L  

Solving for Everything J P L  
I Let's  just look at the 5 ref  stars  to  start (# unknowns \;s Y 

'i i measurements) 
> I  - 5*:50*2 independent  measurements. 100 independent 

T I  '2 

measurements  per  star 

described by 7 independent  parameters,  from  the  point of view of 
sql-t(N-fit),  we  could  solve for 7 planets  around  each  ref  star  and 
degrade  our  sqrt(N-fit) by roughly a factor of'. 

Let's  assume 7% of stars  have  a  planet ofO.5 Jupiter  nlass or more  and 
the  density  ofplanets  grows as I!M. 

- We  could  try  to  solve for -50 planetary  terms.  Each  planet is 

For a ref  star  at  100pc, 4AU radius,  a  planet  with a Inass of 1/40 1 - of a Jupiter Inass would produce  a 1 uas amplitude  motion. 
- If we  accept 1IM density.  there  will  be on the  average I . 5  planets 

per  star  that  are big enough  to  have a 1 uas  signature. 

Origms I .5 planets is << 7 so we're ok. A NASA 

tAisr6n 

I.I."EKt$i!?:~>l,ol; I'h,:.% E:c.-.-.,hm: 

I 
I 1 



1 Kpc vs 1 OOpc Ref Objects 

I A NASA 

I 

I 
I 
I 

I.@ Resolution of Frequency  Distribution J p L  I I 
With a 5 y r  mission, we can  resolve i n  the periodogrami’equiv orbital 

.- I I frequencies  different by 0.2 cycles/yr. I cycleiyr and I .2 cycleslyr are 
3 ~ separable. - 

- 1 yr  and 1.2 yr orbits  could  be  resolvable 

f /  - 
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Pairwise  Comparisons 
Which Planet Belongs to What Star J P L  

~ With  just NE? stars;  the  problem 
- 
S is unsolvable. e A 1.4 e B I A'. 0.9 
5 ,  
t ' With N=2 stars.  the  problem 
;i;;' begins  to  be  solvable 
$ Wit11 fix-! or n~ore  stars, the 
z problem  becomes  tractable  even 
- I  i f  two planets have similar  orbital 81 

x 
.> . 
- - C 1.8 e D 2.1, 3.5 
- 

:I - pairs heqs 
1.4  1.45 0.9 
1.4 periods. '4s N grows the  ntnuber i: 1.45 0.9 1.8 

1.8 

pairs grows as N' making  the :2 1.4 
1.45 0.9 

2.1 3 5 
2.1 3.5 

1.8 2.1 3.5 C-D . .  

Gib-en  that  planetary  periods  span 
range  of  time  scales c f l '  and we have 0.2 cycleiyr 

resolution,  this  should  be a 
tractable  problem at N=3-5 ref 

A NASA 

Mission 
Or,gins stars. 

Long Period Planets 
(First we  need  the  Grid) J P L  

- I*All long  period  planets look alike, it's impossible  using  the  previous  technique 
.P , I  to assign a long  period  planet  to ;I particular  star 
;I*There'sjust an acceleration  (in x and y) 

E 3 I tmifomly  distributed i n  log period  space 
?/*The probability of a  planet  with a period > Syrs, is ? ? ?  50%. To Find 2 stars with 
s I no  long  period  planets  (given 1.5 planets/star)  means  we  need 4-5 1-ef stal-s. 

- , a  "/*Mowever I if planets  are  sonlewhat like double  stars,  the  planet  density is roughly 

2 ,  

*(n1in)3.6  days= 0.01 y ,  5yr, 7500 y r  (max  period) 
K@is number  number w i l l  be smaller  for  ref stars > 10Opc. It may make sense just 

j to go out  to  200pc.  but  still 10 mag (F stars,  Giants) 

1s problem  needs  to be studied i n  much  greater  detail  and  all  three  planet  key 
! I  

~ project  will be looking  at  this  issue.  Multiple planets are to be expected. 

Ifonly 2 o f 5  ref stars  don't  have  acceleration,  the  whole  "frame" w i l l  have a 
A,,~g$d~lal  acceleration  due to nleasurenlent  noise  that's -sqrt{7) worse  than if a l l  
h,,s:& stars had  no  acceleration. Oil 

3 
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Parallax and Planets 
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H! 

Global Astrornetry with SIM 

Stephen Unwin 
Deputy Project Scientist 

I 
March 23,2001 

Sumnlary 

I - Needed  for SIM to  explore  the  diversity of planetary  systems 
I Does Slhl need  global  astrotlietry? yEs 

.- : I  - Needed to provide  candidate  solar-system  analogs  for TPF !L ,. Does SlM do  unique  science? yEs 
- Planet  search  program  will  yield  masses for a diversity of systems 

.s - - - - - SIM astrophysics  program is compelling - 
- Slbl science goals cannot  be  achieved  with  other  instruments  or 

T 
c missions 

I 
I 
I 



Why should SIM perform wide-angle astrometry '? 

I Wide-angle is essential  for  identifying  accelerations  due to  planets i n  

I 
long-period (> 5 411) orbits 

- - - 
/ 

I Local  reference  frame must be  'tied' to global  frame to suppress 
*. rotationsidistortions 

?. Without this frame  tie,  the  instrument  capability is poorly utilized  for - 
long-period  planets (- IOx sensitivity  1-eduction) 

c 
x 

Can  frame  tie be provided by other  instruments'? i\io 
- tlipparcos accuracy is inadequate 
- FAME grid  would  reduce  this  sensitivity loss to <- 2s 
- This  would  strongly  link SlM's primary  science to another futrlre 

mission 

Astrophysics  with SIM 

The  ability of SIM to perfonn astrophysics  research is strongly endorsed 

The 200 I NRC (McKeeiTaylor)  Report "Asfronon7y rrr7tlA.stl-clpl7~sicr irz 
by the  astronomy  community 

tile N C I I ,  Mi//er71zj~/777" reaffirmed  the strong recommendation  for SIM of 
the Balm11 Report: 

"A particular attraction of SIM is its dual capability: 
It enables  both the detection of planets through 
narrow-angle astrometry and the mapping of the 
strrrcture of our galavy and nearby galaxies 
fhrozlgh wide-angle asirornetry. It is critical that an 
accuracy of a few microarcseconds for wide-angle 
measurements be achieved in order  to  address  a wide 
variety of fundamental problems  throughout  the 
decade." 
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Astrophysics program was strongly endorsed by the SIMSWG 

Stellar  Astrophysics 
“ SIM will revolutionize the traditional areas of stellar 
structure and stellar evolution.” 
Galactic  Structure 
“. . . SIM will determine ,distances accurate to 10% to 
objects that are twice the solar  distance  from the center on 
the  opposite  side oftke Galaxy. ” 

Cosmology 
“SIM will  make  fundamental  measurements that will 
directly impact our understanding of Cosmology.” 

What makes SIM unique for general astrophysics ? 

The cornbination of hvo capabilities is not matched by any other I instrument or 11~issiotl: 

- Global astrometric  precision to 4 microarcseconds 

- Faint targets dow11 to 20th mag 



I Unique Science: 
SIM's reach covers the entire Galaxy - and beyond 

The  combination of 
two capabilities is not 
rnatched by any other 
instrument or n~ission: 

Global xtrometric 
precision to 4 
microarcseconds 

- Faint targets down 
to 20th  mag 

I Unique Science: Stellar Evolution and the Distance Scale 

l l  
Calibrate  standard  candles 
- Long-period  Cepheids 
- RR Lyrae stars i n  field and globular 

clusters.  spanning  range of metallicities 

H igh-precision  nlasses of stars  (to 1 %) 
- IvI vs. L relation is poorly known for 

very  high-mass  and low-mass stars 
- Method: Astrometric  binaty  orbits and 

pard113XPs 

Stellar  evolution:  what  are  the  maximum  and 
minimurn  masses for stars'? 

metallicity  effects 
- Test stellar  models  including  age and 
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Unique Science: Dynamics of our Galaxy 
Study  the  'classjcal'  problems 

i of size. mass distribution:  and 
! dynamics of 

_ i  > I - The M i l k y  Way: using 
= I  stellar  velocities 
.: i - The halo. v i a  'tidal  tails' c _ I  ! 
- I  d\\i3rfsplleroidals 

r ,  

I '  

5 i  
s i  
21 Dynamically  cold 
71 
'2 I 

system 
; ~ W I I ~  s1w 

I - Provides  proper motions: 

b."..~ constraining  models 
Proper motions to 0.1 
kmls  at 10 kpc 

- Need both astrometric 
, \\ , ,  accuracy  and  sensitivity 

Unique Science: The Galactic 
Population I1 stars Study  the  role of Pop I1 stars in 

Galactic fonnation and evolution 
- Observe RR Lyrae  stars i n  

globular  clusters  and  locally 
Need accurate distances 
(lctminositiesj to globular 
clusters and halo tirld stars 
Need nletallicities spanning a 
wide  range (- -2.0 to -0.7) 

- Ages of globular  clusters 
- RR Lylre stars as  distance 

indicators 
Current Ilm~inosity 
uncertainty is as large as 0.3 
mag 

Study steller populations in the 
bulge and halo \\.it11 astrometric 
microlensing 



Unique Science:  Dynamics of Galaxies 

Study  galaxy  dynamics,  masses, 
orbital  histories.  etc. 
- using full orbit  detelminations 

Modeling of nearby  galaxies 
(Local  Group, LIS 1 groql, etc.) 
is ambiguous 
- Solutions  based on  radial 

velocities  and  photometrically 
estimated  distances 

motions  (currently 
unmeasured) 

- Slbl w i l l  provide  proper 

SIM will observe - 30 galaxies to 
-50 pasiyr 
Requires SlM's faint-taraet 
capability (V = 16 - 20) 

I Unique  Science:  Active  Galaxies 

1 unresolved  nuclei of AGN 

I 
Astrometry  as  a tool for  studying  the 

I 
- Requires  both  high  accuracy  faint- Radm'Opticnl .Jet 

target  sensitivity Emsslon , n o n - L h c m a l ~  

Distinguish  between  jet  and  disk/corona  as 
origin  of  non-thennal  optical  emission 
- Color-dependence  of  emission 

2 1  r photocenter 

""1 
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Global astrometry: why SIM ? 

Why we need SIM, even if we have FAME'? 

FAME and SIM are  complemenklry  missions 
- FAME will observe a large number of stars,  complete  to V - 15, 

?. - > ._  Statistical studies,  with >= 50 pas precision 
- - SIM provides  ultra-precise  astronletrv  on  faint  objects ( V < 30 may) 
-.. Targets selected for scientific interest, at 4 pas 11recision 

=: - Flexible  (optinlized)  scheduling 

.- 
L 

- p - 
3 

.>  
L. - 
L. 

- 
- SIM can  be  flexibly  scheduled 

Optimize  plonct-search  sensitivity for a wide  range of periods - Enable  astrometry of microlensing  events 
Targets of Opportunity 

- FAME schedule  fixed by the  mission  architecture 
- 950 f-evenly-spaced)  observations 

I 



I SIM global astrometry: high accuracy on faint targets 

I 1 

I 

AGN = ResalvingActive  Galactic  Nuclei 

group dyn = Galaxy  Group  Dynamics 
bulge M L  = Bulge  Microlensing 

GC dirt = Globular  Clusters  Distances (3%) 
LMC ML = LMC Microlensing 

% =  StellarMas$es(l%) 
Math = Testing  Mach's Frincipe{7%) 

OC dlrt = Open Clusters  Distances (2%) 

tldal telIr,of disrupted  satellites 
& = Distance lo Galactic  Center (2%) 

1 -  - louas  

0.l"as - _I 
0 5 10 15 20 

V magnitude 15 20 

I Planet searches:  Other  Missions 

I Kepler Mission 
- fvlature mission concept, but not yet  approved  (Discovery mission) I 
- Statistics of prevalence of planetary  systems: qEEart,, 
- Will not identify  specific  targets for TPF 

FAME 
- MIDEX mission i n  Phase A 
- Statistics of brown  dwarf (10 - 80 M,) companions to solar-type  stars 
- Fixed  nlission  scheduling: up to -2000 measurements 

* Mission accuracy (5 years) c~~~~~~~~ = 36 pas 
GAIA 
- ESA 'Cornerstone 6' mission 
- Fixed  mission  scheduling - Mission accuracy (5 years) c ~ ~ , ~ ~ ~ ~ ~ ~  = 4 pas 

SIM 
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J P L  

Todd J. Henry 
Georgia  State  University 

March 23,2001 

Overview 

Precise  Masses  and  Luminosities 
- clusters 
- exotic  objects 

- - 
Distance  Scale 

- globular  clusters 
- RR Lyrae  luminosities 
- Pop I1 and subgiants 

Dynamics 
- massive  star  formation in halo 
- natal  kicks  of  neutron  stars 



I L 

Why Measure  Precise (1 %) Masses? 
Individuals: 

- challenge  stellar  astrophysics  models 
I 

location of true ZAMS 
- abundance  effects 
- 2 

stellar  lifetimes 
I - 

evolution  within  the  main  sequence 

- .  mixing  length,  convective  core  overshoot 

z 

- 
i 

, ., I 

- beginning  and  end of main  sequence 
what is the  largest  star? 
Boundary  between  stars  and  brown dwa$s 

- primaries for planet  detection 

Populations: 

- mass-luminosity-age-metallicity relation 
- mass  function 
- total  mass in Galaxy 

How to  Measure  Masses  and  Luminosities 

I Masses - four parameters  needed: 

P period 

a relative semimajor axis 

I - $ 1  T distance via parallax I 
f ,fi-actional mass 

Luminosities - three  parameters  needed: 

V apparent brightness 

_1V fractional brightness 

;I distance via parallax 
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I SIM Targets 

- Clusters Exotics 
- 

- 

- Trapezium - OB stars 

; I  - Pleiades - white dwarfs 
- TW Hydrae - brown dwarfs 

- - 
d 
r .  - 

? I  

- Hyades 

- Globulars (21) 
- M67 

- neutron stars 
- black  holes 
- AGB stars 
- X-ray binaries 
- radio binaries 

I State  of the Art Masses  for GL 748 AB 
Masses - four parameters with HST I 

P 2.4664 f 0.0081 (0.3%) 
a 0.1480 f 0.0009 (0.6%) 
iT 0.098 1 f 0.0004 (0.4%) 
f 0.3358 f 0.0021 (0.6%) 

bl. I 0.3750 f 0.0088 (2.4%) 
X.1 r; 0.1896 i 0.0046 (2.4%) 

The  Need for SIM: 

0 this is a relatively  easy  system 

0 if P, a errors = 0 mass error still I 3% 

0 if P, a errors = 0.1% and SIM determines 
IT to 4 pas, f to 0.0000 14 (both 0.004%) 

masses are knoun  t o  0.4c/( 
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-0.2 -0. I 0.0 0. I 
RA (arcsec) 

I SIM Advantages 

1. SIM  reaches  faint  magnitudes 
? white,  red  and  brown  dwarfs 
- L distant  open  clusters  (Trapezium, M67) 
- 2 globular  clusters 

... 2. SIM is  incredibly  precise 

- 
.- 

A - - .. - - - - . .> 
J 
- - 

distant  objects-(OB  stars,  supergiants,  globulars) 
planet  searches in binaries  (solar  neighborhood) 

3. SIM  solves  lack  of  good  radial  velocities 
red  and  brown  dwarfs 
OB stars 
black  holes  with  massive  companions 



SIM Answers 

I 
What is the  mass of the largest star? I 
What  are  the  masses of black hole  candidates? 

L 

What  are  the  masses of very young  stars? 

21 What is the  true  dependence of the MLR on  age? 
H I  

\ v\si 
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J P L  

I - !  Galactic Astrometry with SIM I 2.1 

- 

Andrew Gould 
Ohio State University 

March 23,2001 

Galactic Astrophysics - Key Project highlights 

.- I Stellalp, Remnant,  Planetary, and Dark-Object 

E Andrew Gould 
- c )  Ohio State University 

_I. .- - 
2 A Masses from Astrometric  Microlensing 
- - - 
- 
?) - - 
I - 

Taking Measwe of the  Milky  Way 
Steven Majewski 

University of Virginia 
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CALI = d,,, 

Hyp Obs 
,.. 

" "_ re 

( 4  

- - d,,, 
Au 

30 40 50 60 70 (c) 
Time of Observation (days) 

Massfractionalaccuracy-BW 
0.16 

Parallaxfractionalaccuracy-8W 
0 042 

Microlensing ,,] " N" 1 
experiment ;,;;. 

2 1  
towards 0.08 . : . 
theGalactic 006-  I I : 0.03 - * 

$1 bulge 

-. .. . .  . .  . .  
0.04. 
0 02 - , t 1 0 032 - 
000- 0 030 - 

0.0 0.2 0.4 0.6 0.8 10 12 0.0 0.2 0.4 0 6 0.8 1.0 1 2 
Lm?~Mass  LmsMors 

lsource =15 Distancefractionalaccuracy-BW 
0 16 
0 14 

0.04 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 

LonsMa81 



I 1 Taking Measure of the Milky Way 

Galactic  stellar populations: 
- Field  stars 
-- Open and globular  clusters 
- Satellite  galaxies 

t i  I 1  1 1 The Milky  Way as a Galaxy 

:. Galaxy for which we have most detailed info cannot  be pluced on 
Tully-Fisher  Relation 

,-. 

radius(kpc) 
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1 1  1 1  I I Fundamental Galactic Parameters / I  

W i t h  wide angle  capability, SlM can: 
- Measure absolute ir, pfor giants in Baade's window / I  

\ S i \ \  
and around Sgr A" 

OdCi,>$ - Determine R,, , QSR to approaching 1 O/o accuracy 
\ l i \ \ i , 3 , ,  

I -  
Probe of Inner Galactic Potential 

I 

i . .  I 

I 

,:,I.-. ." < ~ ". i" .". I 
/ I  w:: 

Using appropriate  tracers, SIM can  measure: 
- Galactic  rotation  curve  across  entire disk 
- V,.,,JR) "+ disk potential to 2-3?6 5 2R,> 

I 

250 
< 200 
E! 140 - 100 3 50 

u) 20 
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". 
E 10 
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p 100 1 
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h" 
50 
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I 1 Fundamental Contributions to Stellar Population Studies I I 
I -I 

Orbits for every  Galactic  satellite  galaxy 

Orbits  for - every  Galactic  globular  cluster 
Orbits  for  hundreds of Galactic  open  clusters 

- - 
- - 
,% - Velocity  ellipsoid  variations i n  disk,'halo - 
_I - - - Age-velocity  relations i n  the disk 
3 - 

-L Studies of the central  bar 
Dynamics of bulge stars 

r 
'1. 

i ! 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Q c I  
81 

Space  Interferometry Mission 

External  Review  Board 

Wide Angle  Science:  Extragalactic 

Ann E. Wehrle 
Key Project Principal Investigator 

March 22 & 23, 2001 

I@ Extragalactic Key Projects 

- Ann  Wehrle  (PI,  ISC/JPL/Caltech),  Dayton  Jones,  Steve  Unwin, 
Dave  Meier  (JPL),  Glenn  Piner  (Whittier  College) 

The  Astrophysics of Reference  Frame  Tie Objects 
- Kenneth  Johnston  (PI),  Ralph A. Gaume,  Norbert  Zacharias, 

David  Boboltz,  Alan  Lee  Fey (USNO) 

Dynamics of Galaxies 
- Ed  Shaya  (PI,  Raytheon  ITSS),  Jim  Peebles  (Princeton),  Brent 

Tully,  John  Tonry (IfMHawaii), Kirk  Borne  (Raytheon ITSS), 
Dennis  Zaritsky  (Lick  Obs./UCSC),  Stuart  Vogel (U of NID), Adi 
Nusser  (Technion  Inst. Of Israel) 



1 - 4 V  Black Holes at the Centers of Galaxies 

- - - Black  holes of lo9 solar masses  Accretion  fuels the jets. Quasar 
C merge  when  two gdaxies collide; "core" is  the  ensemble of emission 

I clouds of ionized gas. 

P 
'" 

2- 

Tinlescale  about a million years.  from the jets, accretion  disk,  and 

- 

The Nature of Active  Galactic  Nuclei 

Questions 1 and 2 - je t  and  black  hole  physics 
1 .  Do the  cores  of  galaxies  harbor birzar-v supermassive  black  holes 

remaining  from  galaxy  mergers'? 

2. Does  the  most  compact  optical  emission  from  an AGN come  from an 
accretion disk or  from  a relativistic jet? 

Question 3- tying  the SIM reference  frame  to  the ICFW 

Does  the  separation  of  the  radio  core  and  optical  photocenter of the 
quasars  used  for  the  reference  frame  tie  change 011 the  timescales of their 
photometric  variability,  or is the separnfion sruble? 
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I Astrometric Signature JPL/ 

Scales: Projected  separatinn of 
candidate  binary  black hole  in 
quasar 06287 is 1 1  
microarcseconds;  period 2.1 ye:lrs, 
motion in 5 years is 11 
rnicroarcseconds. Other active 
galaxies  like M87 are closer and 
motion is easier  to  detect. 

Does the compact emission come from jets or disk? 

Accretion  disk  radiates  thermal 
emission with  peak in near-UV. white liyhtjiinge befiveen red unrl 
Size: 0.012 parsecs, (=2 blue hrrlves qf SIM cleteclor. 
lightweeks), at  distance of b187 I I 
about 160 microarcseconds in 
diameter  (brighter in blue  than in 
red  part of spectrum) 
Corona or  wind radiates non- 
thermal emission (Brighter in red 
than in blue). Both red unrl blrre 
photocenters centered on BH 

NQUthtmll FCnlTd ~i~ B~ 
Relativistic  jets also radiate non- ianizing source (aenta oPUlcrmal 

thermal emission.  Base of the  jets (corona or wind) 
\ 

accretion dirk) 
I 



1 @ Reference  Frame Tie 

I C W  defines  the  positions of 
celestial  objects  relative to radio- 
bright  quasars. 1AU standard of 
reference 

SlM reference  frame  needs to he 
tied to the lCRF via  objects in 
common-  bright  quasars  with 
compact  radio  structure  on mas 
scales. 

But  we  need to know if the 
separation of the radio and 
optical  cores is stable or variable 
on timescales of weeks to years. 

A NASA 

Optical  Structure  Makes M87 Unsuitable? 

FAME - SIM Synergy 
J P L  

SIR1 Calibration from FAME Grid Comparison 
C 
.- 
in - Reduce overhead - Different construction 
v) 

f - Identify problem stars  methods 
w P - Zonal distortions 

I X I  . I 

I A  NASA 
Ortgins 

Year I I 
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l 4 V  Extragalactic Frame Tie JPLI 

$ 1  rCKF Frame Tie Quasar  Visual  Magnitude  Distribution 

n - 
5 - Currently limited to about 100  pi^ I 

L 

FAME 
- Sensitivity V-15"' 

- Accessible Quasars  - 60 

SIN1 
- Sensitivity V-20th 
- Accessible Quasars -9000 

Frame Rotation 
- SIM ntore stcrble tiinn FAME 

A NASA 
Origins 
Mission 

15 20 

Visual Magnltuce 

SIM Dynamics of Galaxies: Project Goals JPLJ 
Derive  parameters  of  fundamental  importance to cosmology  and  the 

C origin of structures: 

z nlasses,  age  of  the  Universe. 

.- 
In 
.- 
I 

- orbital  histories,  galaxy  total  masses,  dark  matter  fraction,  group  total 

? Place constraints on the  statistics of mergers  and on angular  nlomentutn 
P histories 
- - - Total  masses  and  dark  matter  distribution  can  be  determined  for  the 1-5 
8 Mpc  scales. 

(0 Dynamical  friction  and  merger  history  become  evident as deviations 
c 

from  standard  solutions. 
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SIM Dynamics of Galaxies: Project Method J P L  
1 b1eeas~11-e propel-  motions  for -30 nearby  galaxies  with  precision of 10-40 1 km/s. 

? I  - Local Group and  nearest  galaxy  groups. 

" Use S1M standard  candle  calibrations  and  velocity  parallaxes to complete 

9 

$ 1  - Use 3- I O  brightest  stars i n  each  galasy. 

11 our  knowledge  of  accurate 3-d velocity  and 3-d positions. 

of orbital  dynamics. 
- e .  

~ Apply  these  measurements  as  boundary  conditions  in  gravitational  models 
bi  
gi 

I '  I 

4 t  

-2  

-4 

I A N A S A  -4 -2  0 2 4 I 
SGX [Mpcl I 
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I -  SIM and the d < S Mpc region 

Improved  Distances 
- Current methods  can get distances to -5%. 
- In I O  years, wit11 SI.W, we expect -2% accuracy 

* Improved Masses and  Orbits-  Constraints 
- Cosmological constraints  (confirmed by M W B  experiments)  imply  the 

initial  peculiar velocities were  very  small. 
- Ground-based  measurements give accurate RA. DEC, radial velocity. 
- Ground-based  distance  nleasurements  made  accurate by Slhl calibration 
- S1M measurements of pm(tW),  pm(DEC) 

Q 

* Improved Masses and  Orbits - iLlodelling 
- Solve for  galaxy  orbits  and  internal  mass  distribution with average of 

- With 25 galaxies,  solve N-body problem with constraints  at  early- 
three-ten  stars  per galaxy  to obtain  motions of galaxies 

Universe and  current-day times. 
- Highly overconstrained  prohlem is soluble as a  set of differential 

A NASA 
Origins 
Misston Method of Jim Peebles, 1989) 

equations  with  nlised  boundary  conditions  (use  Numerical Action 

AGN 
r 
VI 
v) 

.- 
- Distinguish  between jet  and disWcoruna as origin of non-thermal  optical 

._ 
H 

emission. 

c 
?. - Establish level  of astrometric  stability of AGNs as  fundamental  optical 
E reference frame “tie  points” 
2 - Esplore nlovenlents of optical  structures by measuring  astrometric  shifts 
t 

relative  to  local  reference frame of %able” AGN 
C - 
8 Dynamics of Galaxies 
m Q z - Dark  matter  dominates  the  mass of the universe  but  extremely little is 

known of  how much  there is or how  it is distributed. It appears to be 
clumped at  the 5 klpc scale or  less. 

w - Provide basic  observational  data on  motions of galaxies  within 5 Mpc. 
- This is the  volume  that SIR1 can  survey well, and can map  out  through 

the detailed  motions of many  galaxies 

I SIM  is the only foreseeable mission that can do these  measurements. I 
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Backup Slides 
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Complex Issues 

Trajectories  may  pass  through  neighbors'  halos 

6 Some dark  matter  may  not  reside in galaxies. 
Z !  - Hence, dynamical friction  may result. 

Late  time,  long  range  mergers  are  a problem. 
C l  21 - short range mergers  do not present a problem. 

~ Possibility of dark  matter  objects. 
- e.g., a present day pre-collapse ouerdensity. 

A NASA 

csecond resolution 

A NASA 
Origlos 
Missidn 



I @  Color Dependent Differential  Astrometry J P L  - - 
SIM has SO spectral  channels I 

.- 5 Phase  shift between spectral  channels  unaffected by value  of  group  delay 
ifl ._ 
I or its  uncertainty-  hence,  much  more  powerftll  than  group  delay. 
+-. 
z & Simple  experiment:  divide SO channels into "red"  and  "blue"  groups, 
P 
.t" 
2 Astrometric  accuracy  reduced by only 2*SQRTZ due  to  half  the  photon 

c 
average  over  group,  find  offset fiom difference in averaged  phases. 

- 
m count  and  doubling  length  ofwhite light  fringe  envelope. 
m 
Q 
v) Easy to detect  shift of 15 microarcseconds i n  a single  measurenlent. 

Shift of 30- IO0 microarcseconds  are  expected  for  quasar  targets  such as 
X 3 4 5  



Summary of Science Possible 
With Re-scoped SIM 

C. Beichman for the SIM-SWG 
March 4,2001 

a Planet Finding With Rescoped SIM J p L  

Preserves all of the narrow  angle capabilities of previous 
versions for SIM 
Advances our astrophvsical understanding of formation  and 
evolution of planets 
- Survey -2,000 stars  to  levels of Uranus  nlasses ( 1  5 Earth  nlasses)  over a 

wide  range of stellar  properties  (age,  metallicity,  spectral  type)  and orbital 
7 locations 

Study  fomation,  migration  and  evolution of planets from I Myr to 1 Gyr 

hieves primary Origins requirement of characterizing the solar 
stems that may exist around the closest 250 stars in support of 

Terrestrial Planet Finder  (TPF) 
- Find  and  measure  masses of planets  down  to a few (3- I O )  Earth  masses 

which  is  within  the  range  expected for rocky  planets 
A NASA 

Misslob 
Origins 
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I ,  Planet Finding Needs Wide Angle J p L  
1 ‘de angle astrometry is 

C ssary to identify the small 
lerations due to planets on 
period orbits (> 5 AU) 
:e need  to  identify  Solar  System 
nalogs (Uranus I n  >Jupiter  orbits) 

tion and other distortions of 
.rid of local reference stars 
ntroduce  astrometric  errors 

rable to or greater than 
red signals of 1-3 pas 

ME/GAIA reference stars 
could reduce effect, but imposes 
strong  dependence on the success 

;;;,@f these missions 
Mission 

Rescoped SIM Preserves 

Two NAS decadal reviews have endorsed the filndamental 
astrophysics  enabled by wide-angle astrornetry 
- Only SIM can  observe  objects as faint as 20 mag with  astrometric 

accusacy  of 4 ,pas 

crowded  fields 
- SIM-SBL maintains  these  capabilities  except  for  astrometry i n  

Astronomy typically advances  most  successfully  with a 
combination  of pointed and survey  observations 
- Detailed  pointed  observations of IO4  objects of particular  interest with 

SIM will complement  the  astrometric  survey  planned with the FAME 

I 

I 
I 
I 

I 
I 
I 
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SIM Extends General Astrometry Far Beyond 
FAME and Hipparcos J P L  

i 
1 SIM observe faint objects  that FAME cannot  observe at all (V>I 5 mag) 

.$I SIbI w i l l  come at least 5 years  before h n c h  of GAIA C I  

A NASA 
Origms 
Mission 

lOuas 

. .  

- 5.)  -; M a c h '  
k .  

i 1 luas 
I 

r 
General Astrophysics with SIM JI=I)L 

/* 

Calibrate Cepheids and RR Lyrae stars as a  distance 
indicators, taking metallicity into account 
Measure masses with 1% accuracy over the whole range 
of  stellar types and ages 
Investigate the dynamics of the Milky Way 
Study galaxy dynamics based on true orbit determinations 
Use astrometry at different colors to distinguish  between 
various jet and disk models of AGN 
Determine physical properties of  micro-lensing  systems 
Test  Mach's Principle to 5% accuracy 

3 



A Lean,  Mean Astrometry Machine JpLl 
C 
P The  preceding topics are just a sampling of what SIM ni l1  
2 able to accomplish in 5 year mission 
a - Over the nest  5 years,  astronomers  will  develop  new  projects to use 
3 the  remaining -50% of observing  time  on Slbl 
t - FAME wil l  result  in  exciting  projects  requiring S1M follow-Llp 

(I) earlier designs, it has given up relatively little astrometric 

- x 
E 

- - While the rescoped S[M is dramatically simpler than 
m 
(1 

performance 
- Astrometry in regions  with  extended  emission  is  compromised  by 

- Modest  efficiency loss compared with SIM-Classic 
- Visible  light  imaging i n  line  and  continuum, TPF nulling  test  on I O  

loss of uv-plane  coverage 

111 scale  Ins  been lost 

What  Does TPF Need to Know? JPL/ 
Frequency of Planets 
- Aperture needed for TPF telescopes scales as  distance. - If Earth's are comn1011. thcn nrarest stars may contain Earth's  and a !ersioii of 

0 If Earth's are rare. then TPF may  have to search  and measure Earths as thr  away 
TPF w i t h  1-2 111 apertures may be adequate. 

as 15-25 pc w i t h  3-5 In telescopes. 
c - Kepler and SIbl Broad Survey  will detennine frequency ofEatths around 

m Micr.o-lensing  studies (bI,L,T) stars 4 kpc away of unknown metnllicity 
relevant stars 

c 
Specifics of Nearby Stars 
- SIM Deep Survey will identify good (and bad)  candidate systems  for TPF 

targets down to few Earth masses, allowing TPF to  focus early on 
spectroscopy U ECLlPSE will provide info~matio~l  011 lupiters i n  >3 A U  orbits 

- SlM will  validate  early TPF results and provide additional information 
critical for interpretation of photometridspectroscopic data 

What is the mass (or upper limit)  to a target  detected  by TPF? 
A NASA 
Origitp 
Misston 



The  Road to TPF and  Beyond J p L  
I 
1 
j g i  Following a disciplined technology program leading to the 

f i required picometer performance, SIM can accomplish its 
c="i scientific goals by early in the next decade E l  

- Find  targets for TPF and  advance our understanding of the 
formation  and  evolution o fp iane ta~y  systems 

m 

- Carry  out  the  astrophysics  science  program  endorsed  by Bahcall and 
MeKeeiTaylor 

SIM will also develop interferometry itlld associated 
technologies as a viable techniques for future  astrophysics 
missions 
- Nc~nometer technology  for TPF and  for  long  term  interests i n  optical 

- Picometer technology for X-ray  interferometry 
to  sub-mm  interferometry 

SIM Is Not Necessarily on the Optimum Path 
to TPF J P L  

.- g Optimum  paths do not necessarily exist 
g None of the planet-finding alternatives to SIN1 are easy and 

and engineering  detail. 
0. - Other,  supe~ficially  more  attractive  missions  have only been  studied at 

3 I NGST). 
the  level o f a  few $ look  to a  few S l M  (FAME, TPF,  TPF-Lite, GAIA, 

- We don't know how to do  any  of these  other  missions 

none have been as studied as deeply as SIM 
- SIM has the  benefit  of $1 OOM worth of study, technology  development, 

Apart from a few well defined technology gaps (picometer!) ' I  that are  addressed by technology program  and  testbeds, the 
newly simpli'ried SIM is ready to go within the $930Nl cost 
cap. 

A NASA 
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Choose Your Slogan J P L  

5 J) 9 "bkTlwl? the going gets toLgh, the tough go shopp,ying" --- for a 
I new mission 
ru - Ifwe give  up on projects  when  the  going  gets tough. we will never 
5 
gi . Yes, but ..." Yorr have to know when to hold them C U I ~  h x o ~ ,  
m >  2 ~ ~ v h m  to.fbln' tlwm" 

- 

- 
d 

x 

5 
bring  Origins  technologies  to  maturity 

r 

- 5  
i /  

- 7  

$! - Origins  Subcommittee has recommended  technology  milestones  for 
SlM (MAPI-1 and M A M  2-3) that Slhl must  meet on a  strict 
timetable  over the  next  two  years  before  entering  development ... or 
h c e  canc.ellation. 

If interferometry in general and Origins science in particular 
is ever  to  become more tllan a viewgraph exercise, we have 
to weigh seriously the consequences of quitting now 

A NASA 
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External  Review  Board 
Project Summary 

Tom  Frnschctti 
STM Project %lnnager 

23 March 300 I 

Selecting  Shared  Baseline J P L  I 
Science  Performance 

'"A 



Five  Key Questions 
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